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The  program  listed  in  this  Digest  is  the  final  conference  program.  A  number  nl  changes  have  been  made 
from  the  preliminary  program.  Please  disregard  the  preliminary  program  and  use  only  the  program  given 
here. 

Morning  sessions  begin  at  0830  houn.  Afternoon  sessions  begin  at  1400  hours. 

On  Mondoy  morning  there  will  be  a  short  opening  ceremony  at  0830  hours,  followed  by  the  presentation  of 
the  Kenneth  J  Button  Prize  to  Professor  Jun>ichi  Nishizswa.  The  plenary  lecture  by  Dr  M  P  Kimmitt  will 
then  be  given.  On  the  other  four  days  the  plenary  lectures  will  begin  at  0830  hours. 

Apart  from  Monday,  Plenary  Lectures  arc  allotted  I  hour:  50  minutes  for  presentation  and  10  minutes  for 
questions,  /neffed  Keynote  papers  are  allotted  30  minutes:  25  minutes  for  presentation  and  5  minutes  for 
questions.  Contributed  papers  are  allotted  15  minutes:  12  minutes  for  presentation  and  3  minutes  for 
questions. 
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CONFERENCE  ORGANISATION: 


This  Program  has  been  organised  through  the  efforts  of  the  following  individuals; 


General  Chairman;  Kenneth  )  Button 
Conference  Chairman;  Terence  J  Parker 
Program  Chairman:  James  R  Birch 
Technical  Exhibit:  Thomas  Dumelow 
Digest  Editors:  James  R  Birch  and  Terence  J  Parker 
Proceedings  (Journal)  Editor:  Kenneth  J  Button 
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D  R  Tilley  (Essex) 

PROGRAM  COMMITTEE- 

J  R  Birch  (NPL)  (Chairman) 

D  V  Bartlett  (JET  Joint  Undertaking) 

M  F  Kimmitt  (Essex) 

D  H  Martin  (QMW) 

G  Mourier  (Thomson  Tubes  Electroniques) 

TJ  Parker  (Essex) 

J  Yarwood  (Durham) 

G  Zhizhln  (Troitzk) 
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James  C  Wiltse,  Georgia  Tech.,  Atlanta 

Michael  von  Ortenberg,  Humboldt  University  of  Berlin 
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Koji  Mizuno,  Tohoku  University,  Sendai 

Nicholas  Fourikls,  Defence  Science  Org.,  Salisbury 
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David  B  Rutledge,  California  Institute  of  Technology,  Pasadena 
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Alexiy  Vertiy,  Institute  of  Radiophysics,  Kharkov 

Liquan  He,  Southeast  University,  Nanjing 
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FOREWARD 


The  Eighteenth  International  Conference  on  Infrared  and  Millimeter  Waves  is  held 
from  September  6th  to  September  lOlh,  1993,  at  the  University  of  Essex  in  Colchester, 
UK.  The  scope  of  the  Conference  covers  progress  in  all  areas  of  infrared  and 
millimeter  wave  science  and  technology,  and  the  large  number  of  contributions 
(more  than  300)  received  from  more  than  25  countries  demonstrates  the  Importance 
of  the  field  and  the  need  for  the  Conference. 

The  Local  Organising  Committee  and  the  Program  Committe  e  would  like  tc  take  this 
opportunity  to  thank  all  authors  whose  high  quality  work  has  contributed  to  the 
success  of  thin  Conference. 

The  organisation  of  the  Conference  would  not  have  been  possible  without  the 
generous  sponsorship  of  the  following  organisations; 

SPIE  -  The  International  Society  for  Optical  Engineering 
The  University  of  Essex 
The  Association  of  British  Spectroscopists 
European  Office  of  the  United  States  Army 

United  States  Air  Force  European  Office  of  Aerospace  Research  and  Development 
QMC  Instruments  Ltd 

The  Optical  Group  of  the  Institute  of  Physics 

The  generous  support  of  commercial  organisations  and  other  institutions  which  have 
provided  financial  support  is  also  gratefully  acknowledged,  and  the  names  of  these 
organisations  are  listed  elsewhere  in  the  Digest. 

We  also  wish  to  thank  the  University  of  Essex  for  providing  the  Infrastructure  and 
facilities  which  were  essential  for  organising  this  conference. 

T  J  Parker 

Chairman  of  the  Local  Organising  Committee 
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TECHNICAL  EXHIBIT 


The  Technical  Exhibit  will  be  held  in  Room  LTB  4  which  is  on  the  Ground  Floor  of 
the  Lecture  Theatre  Block  to  the  right  of  the  Foyer.  The  Tethr.cfc.!  Exhibit  will  be  held 
for  two  full  days  (Tuesday,  September  7th,  and  Wednesday,  •  ptember  8th). 

We  wish  to  express  our  thanks  to  the  companies  and  organisations  listed  below  which 
have  expressed  their  interest  in  taking  part  at  the  time  of  going  to  press. 

Thomas  Dumelow 
Technical  Exhibit  Manager. 


A  B  Millimetre,  Paris,  France 
Bruker  Spectrospln  Ltd,  Coventry,  UK 
Cryophysics  Ltd,  Witney,  UK 
Diversified  Optical  Ltd,  Ipswich,  UK 
Edinburgh  Instruments  Ltd,  Edinburgh.  UK 
Grants  Electronics,  Cambridge,  UK 
Graseby'Specac  Ltd,  Orpington,  UK 
Instruments  SA  (UK)  Ltd,  Stanmore,  UK 
Infrared  Laboratories  Inc,  Tucson,  Arizona,  USA 
Ontar  Corporation,  Brookline,  Mass.,  USA 
QMC  Instruments  Ltd,  London,  UK 
Taylor  and  Francis  Ltd,  Basingstoke,  UK 
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CONFERENCE  PUBLICATIONS 


Conference  Digest 

The  Conference  Digest  for  the  Eigteenth  International  Conference  again  attests  to  the 
strength  of  the  field  of  infrared  and  millimeter  waves. 

The  Digest  is  a  convenient^  timely  reference  in  the  field  of  infrared  and  millimeter 
waves.  Copies  of  the  Digest  may  be  purchased  from  SPIE  at  the  address  given  on  the 
title  page.  Papers  In  the  Digest  may  be  referred  to  in  journal  articles  by  citing  the  SPIE 
Volume  Number.  Many  libraries  throughout  the  world  acquire  SPIE  publications  for 
their  collections.  For  this  reason  a  paper  contributed  to  the  Digest  represents  an 
Important  research  contribution. 

The  Digest  Editors  would  especially  like  to  thank  Mrs  Barbara  Hopkins  and  Mr  G  D 
King  for  their  valuable  assistance  during  the  preparation  of  this  Digest. 

The  Proceedings. 

Conference  delegates  are  encouraged  to  submit  a  full  length  manuscript  for 
publication  in  the  monthly  journal  "International  Journal  of  Infrared  and  Millimeter 
Waves".  Papers  published  in  this  journal  by  conference  delegates  constitute  the 
proceedings  of  the  conference. 

Authors  must  prepare  final  manuscripts  on  camera-ready  templates  (available  from  K 
J  Button)  to  save  time  and  expense.  There  is  no  page  charge  and  there  is  no  limit  on 
the  length  of  your  manuscript.  Your  manuscript  will  be  published  in  about  eight 
weeks  (no  deadline).  Manuscripts  may  be  sent  to  K  J  Dutton  at  the  address  below  at 
any  time,  before  or  after  the  Conference.  Those  who  cannot  attend  the  Conference 
this  year  are  urged  to  send  their  manuscript  for  publication  in  the  Proceedings 
anyway.  We  may  miss  seeing  you,  but  we  do  not  want  to  miss  the  chance  of  learning 
about  your  work. 

Please  send  your  manuscripts  to: 

Kenneth  J  Button 
Box  372455 
Satellite  Beach 
Florida  32937-0455 
USA 

Fax:  (407)777  7293 
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Nineteenth  International  Conference  on  Infrared  and  Millimeter  Waves. 

The  next  conference  in  this  series,  the  Nineteenth  International  Conference  on 
Infrared  and  Millimeter  Waves,  will  be  held  in  Sendai,  Japan,  from  October  17lh  to 
2l8t,  1994,  Professor  Jun-ichi  Nishizawa  of  Tohoku  University  will:  be  the  conference 
chairman.  His  address  is; 

Professor  Jun>ichi  Nishizawa 

Research  Institute  of  Electrical  Communication 

Tohoku  University 

2-M  Katahira 

Aoba-ku 

Sendai  980 

Japan 
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Kenneth  J  Button  Prize 


On  the  occasion  of  the  15th  International  Conference  on  Infrared  and  Millimeter 
Waves  a  prize  was  initiated  by  the  Program  Council  "to  be  awarded  for  outstanding 
contributions  to  the  field  of  infrared  and  millimeter  waves".  It  was  later  agreed, 
following  a  suggestion  by  the  chairman  of  the  1991  conference,  to  formally  name  the 
prize  the  "Kenneth  J  Button  Prize"  in  recognition  of  Professor  Kenneth  J  Button's 
outstanding  contributions  to  the  Infrared  and  Millimeter  Wave  Community,  both  as 
a  scientist  and  as  the  initiator  and  driving  force  of  this  series  of  conferences. 

The  1993  prize  committee  consists  of: 

K  J  Button,  Satellite  Beach,  Florida,  USA 

M  von  Ortenberg,  Humboldt  University  of  Berlin,  Berlin,  Germany 
D  H  Martin,  Queen  Mary  and  Westfield  College,  London,  UK 
T  J  Parker,  University  of  Essex,  Colchester,  UK 
J  R  Birch,  National  Physical  Laboratory,  Teddington,  UK 
R  J  Temkln,  MIT,  Cambridge,  Mass,  USA 
I  C  Wlltse,  Georgia  Tech  Research  Institute,  USA 
K  Mizuno,  Tohoku  University,  Sendai,  Japan 
K  Sakai,  Kobe,  Japan 


The  1993  Kenneth  J  Button  Prize  is  awarded  to  Professor  jun-ichi  Nishizawa,  Tohoku 
University,  Sendai,  Japan. 

Please  note  that  the  Prize  will  be  presented  at  the  opening  ceremony  on  Monday, 
September  6,  1993,  and  not  as  previously  announced, 

T  J  Parker 

Chairman,  1993  Kenneth  J  Button  Prize  Committee. 
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Kenneth  J  Button  Prize 
awarded  to 

Profeaior  Jun-ichi  Niahizawa 

The  Kenneth  J  Button  Prize  for  1993  is  awarded  to  Professor  Jun*lchi  Nishizawa  for 
outstanding  contributions  to  the  field  of  Infrared  and  Millimeter  Waves.  Professor 
Nishizawa  has  made  major  contributions  throughout  his  career^  not  only  by 
achieving  a  truly  formidable  range  of  outstanding  scientific  results,  but  also  by 
stimulating  the  activity  of  our  community  through  the  organisation  of  international 
conferences. 

During  his  career  Professor  Nishizawa  has  been  credited  with  many  notable 
inventions.  These  have  included:  p-i-n  diodes  and  p-n-i-p  (n-p-i-n)  transistors  in  co> 
operation  with  p-i-n  photo  diodes  (1950),  ion  implantation  (1950),  avalanche  photo 
diodes  (1952),  semiconductor  injection  lasers  (1957^  solid  state  focusing  optical  fibres 
(1964),  and  the  transit  time  effect  negative-resistance  diode  (1954),  including  the  use  of 
avalanche  and  tunnel  injection  (1958X  hyper  abrupt  variable  capacitance  diodes  (1959), 
semiconductor  inductance  (1957),  the  static  inductance  transistor  (SIT)  (1950,  1971), 
etc..  He  is  currently  carrying  out  research  specialising  in  the  development  of  static 
Induction  transistors  (to  operate  at  higher  frequencies  and  higher  power),  the  high 
speed  thyristor,  the  high  speed  low  power  dissipation  Integrated  circuit  and  a  growth 
technique  for  III-V  compound  semiconductors.  The  latter  Involves  a  temperature 
difference  method  under  controlled  vapour  pressure  (TDM-CVP)  which  gives  rise  to 
high  efficiency  LEDs.  He  is  also  researching  long  life  laser  diodes  based  on  perfect 
silicon  crystal  technology  obtained  by  lattice  constant  compensation.  Professor 
Nishizawa  also  originated  electro-epitaxy  (1955)  and  photo-epitaxv  (1961).  He 
discovered  the  avalanche  effect  in  semiconductors  and  explained  the  backward 
character  of  the  p-n  junction  by  this  effect  (1953). 

Pre$entation  of  the  Prize, 

The  Prize  will  be  presented  at  the  opening  ceremony  which  begins  at  08.30  on 
Monday,  September  6,  1993,  Please  note  that  this  is  not  as  previously  announced. 
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NPL 

Nitlonil  PhydctI  Liboratory 


MEASUREMENT  SERVICES  AND  RESEARCH  FACILITIES 
AT  NBAR-MILLIMBTRE  AND  INFRARED  WAVELEN0TH8 

Th«  National  Phyaloal  Laboratory  la  tha  Uni tad  Kingdom's  oantra  for 
maaauramant  standards.  In  raoant  yaara  tha  Division  of  Blaotrloal 
Solanoa  of  NPL  has  plonaarad  many  maaauramant  taohnlquaa  and 
applloationa  at  wavalangtha  from  aavaral  mllllmatraa  to  thoaa  of  tha 
tharmal  Infrarad. 

It  can  maka  avallabla  Its  maaauramant  aarvloaa,  raaaaroh  faollltlas  and 
ganaral  consul tanoy  In  this  apaotral  raglon.  Tha  raaaaroh  programma  of 
tha  Dlvlalon  Inoludaa: 

•  apaotroBGopio  taohnlquaa  for  tha  charaotarlsatlon  of  tha  optical  anc 
dlalaotrlo  propartlas  of  matarlala,  oomponanta  and  davloaa  at 
tamparaturaa  from  4.2  to  1300  K 

•  radlomatrlo  taohnlquaa  for  amisslvlty  atudlas 

•  spaotrosooplo  taohnlquaa  for  tha  datarmlnatlon  of  hamlspharloal 
tranamlttanoa  and  raflaotanoa 

•  powar,  fraquanoy  and  apaotral  oallbratlona 

•  davalopmant  of  thin  film  NbN  and  YBCO  Joaaphaon  Junotlona  as  high 
harmonic  mlxara,  and  of  othar  davloaa  for  suparoonduotlng  alaotronlos 

Facllltlaa  Inoludai 

•  a  ranga  of  Fourlar  transform  apaotromatara 

•  high  powar  optically  pumpad  laaara 

•  larga  araa  olaan  room  for  thin  film  production  and  pattarnlng 

•  ayatam  daalgn,  oonatruotlon  and  calibration 

Wa  can  supply  thin  suparoonduotlng  films  of  Nb,  NbN  and  YBCO  on  various 
aubatrataa . 

If  you  hava  a  maaauramant,  calibration  or  application  problam,  plaasa 
contact  J.R.Biroh  at  tha  oonfsranoa  or  at: 

Division  of  Elaotrloal  Solanoa,  National  Phyaloal  Laboratory 
Taddlngton,  Mlddlasax  TWll  OLW,  UK 
Talt  081  943  6784  Faxi  081  943  6098 


Thtf  Nnlltmnl  I'hyitlciil  l.rtboralory  in  an  Hxiviitlvtf  Agfncy  of  fhv  Dcpartm^ol  of  Traiit-  and  Induatry 


XII. 


P.l  SUBMILLIMETRE  WAVES  -  THE  EARLY  YEARS  -  M.F.  Kimmitt,  Dcpanment  of 
_ Physics.  University  of  Essex.  Colchester  CQ4  3SQ.  U.K. _ _ 


P.2  ROCKET  MEASUREMENT  OF  THE  SUBMILLIMETER  COSMIC  BACKGROUND 
SPECTRUM  -  H.P.  Gush.  E.H,  Wlshnow  and  M.  Halpem.  Department  of  Physics,  U.B.C. 
Vancouver.  B.C.  Canada.  V6TIZ1. 

P.3  PROGRESS  IN  DEVELOPMENT  OF  HIGH  POWER  QYROTRONS  -  M.  Thumm*. 
Kernforschungszentrum  Karlsruhe,  Institut  fUr  Technische  Physik,  '*'also  Universittit 
Karlsruhe,  Institut  fUr  Hdchstfrequenztechnik  und  Electronik,  D-7SOO  Karlsruhe  1, 
Germany. 

P.4  FAR  INFRARED  SPECTROSCOPY  OF  MANUFACTURED  SOLIDS  -  D.R.  Tilley, 
Department  of  Physics,  University  of  Essex,  Wivenhoe  Park,  Colchester  C04  3SQ,  U.K. 

P.5  CRITICAL  TECHNOLOGIES  FOR  ATMOSPHERIC  COMPOSITION 
MEASUREMENTS  BY  MICROWAVE  LIMB  SOUNDING  -  G.E.  Peckham  and  R.A. 

Suttle,  Heriot-Watt  University.  Edinburgh.  Scotland.  _ 

P.<  POTENTIAL  OF  MILLIMETRE/SUB-MILLIMETRE  HETERODYNE  INSTRUMENTS 
TO  SOUND  ATMOSPHERIC  COMPOSITION  -  B.J.  Kerridge.  Rutherford  Appleton 
_ Laboratory,  Chiltem,  Didcot,  Oxon.  0X1 1  OQX,  UK. _ _ 


XIV 


SESSION  Ml 


Monday  AM _ FEL  - 1 _ September  6 


Ml.l  THE  ENEA  COMPACT  MILLIMETRE  WAVE  FEL  (Invited  Keynote)  •  A.Doria, 
O.P.Oallerano,  E.Qiovenale,  M.F.Kimmitt,  Q.Messina  and  A.Renieri.  ENEA,  Area  INN, 
Dipartimento  Sviluppo  Tecnologie  di  Punta,  P.O.  Box  63, 00044  Frascati,  (Rome)  Italy. 
M1.2  STATUS  OF  THE  DESIGN  OF  THE  200  GHZ  FOM-FUSION-FEM  -  A.G.A.Verhoeven. 
W.A.Bongers,  B.S.Q.Elzendoom,  A.M.van  Ingen,  P.Manintveld,  A.  Tulupov,  M.J.  van  der 
Wiel  and  W.H.  Urbanus,  FOM'Instituut  voor  Plasmafysica,  'RiJnhuizen',  Association 
EURATOM-FOM,  P.O.  Box  1207, 3430  BE  Nieuwegein,  The  Netherlands;  V.L.Bratman, 
G.G.Denisov,  A.V.  Saviiov  and  M.Yu.  Shmelyov,  Institute  of  Appiied  Physics,  Uiyanova 
Ulitsa  46,  Nizhni  Novgorod,  Russia,  H.-U.Nickei,  and  M.Thumm,  IHE  UniversitMt 
Karlsruhe  and  ITP  Kernforschungszentrum  Karlsruhe,  Germany;  W.Kasparek, 
J.Pretterebner  and  D. Wagner,  Institut  fur  Plasmaforschung,  Stuttgart  University,  Germany; 

_ C.  Shang  and  M.  Caplan,  Lawrence  Livermore  National  Laboratory,  Livermore,  CA,  U.S.A, 

M1.3  A  COMPACT  RELATIVISTIC  ELECTRON  BEAM  SOURCE  FOR  GENERATION  OF 
FAR  >  INFRARED  RADIATION,  C.R.Jones  and  J.M.Dutta.  North  Carolina  Central 
University.  Durham,  USA. 

Ml,4  DESIGN  OF  A  TUNABLE  4.MW  FREE  ELECTRON  MASER  FOR  HEATING  FUSION 
PLASMAS  •  M.Caplan,  G.  Kamin,  C.C.Shang  and  W.  Lindquist,  Lawrence  Livermore 
National  Laboratory,  P.O.  Box  808,  L-637.  Livermore,  CA  94531,  USA. 

M1.5  ULTRA-SHORT  PULSES  OF  COHERENT  MILLIMETER- WAVE  RADIATION  FROM 

A  PREBUNCHED  FEL  -  G.P.LeSage,  P.O.  Davis,  S.  Fochs,  F.V.  Hartemann, 
D.B.McDcrmott  and  N.C.Luhmann  Jr,  Department  of  Electrical  Engineering,  University  of 
California,  Los  Angeles,  CA  90024,  USA;  S.C.  Hartman,  S.  Park,  R.S.  Zhang  and 
C.Pellegrini,  Department  of  Physics,  University  of  California,  Los  Angeles,  CA  90024, 

_ USA; _ 

M1.6  OROFEMITRON  -  THE  NEW  TYPE  OF  SMITH-PURCELL  AMPLIFIERS.-  Yuri  A. 
Romantsov,  Radio  Astronomy  Institute  of  Ukrainian  Acad,  of  Sc.,  Department  of 
Microwave  Electronics,  Kharkov,  310002,  Ukraine. 

M1.7  MICROWAVE  OSCILLATOR  -  THE  OROTRON  WITH  THE  DC  MAGNETIC 
NONUNIFORMITY  -  A.Shmat’ko  and  E.  Odarenko,  Kharkov  State  University, 
Department  of  Radlophysics,  Freedom  Square  4,  310077  Kharkov.  Ukraine. 

M1.8  STUr  '  AND  DEVELOPMENT  OF  SUB  MM  RANGE  VACUUM  SOURCES  IN  THE 
INSTITUTE  OF  RADIOPHYSICS  AND  ELECTRONICS  OF  UKRAINIAN  ACADEMY 
OF  SCIENCES  -  V.D.  Yeremka,  O.Ya.Levin  and  A.Ya.Usikov,  Inst,  of  Radiophysics  and 
Electronics  of  Ukrainian  Academy  of  Sciences,  12  Acad.  Proskura  st.,  Kharkov,  310085, 
Ukraine. 
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SESSION  M2 


Monday  AM _ DETECTORS  AND  SOURCES  - 1 _ September  6 


M2.1  OPTIMIZATION  OF  FIR  PHOTODETECTORS  FOR  BOTH  LOW  -  AND  HIOH- 
BACKOROUND  OPERATION  •  S.E.Church.  A.G.  Murray,  M.J.Grlffin  and  P.A.R.  Ade, 
Department  of  Physics,  Queen  Mary  and  Westfield  College,  Mile  End  Road,  London  El 

_ 4NS.uk. _ 

M2.2  BIB  PHOTODETECTORS  BASED  ON  ANTIMONY  DOPED  SILICON  •  G.Slrmaln, 

S. Pasquler,  C.Mdny,  P.  Etlive*,  W.  Knap,  P.  Adet*,  N.  Fabre**,  A.  Murray***,  M. 
Griffin***  and  J.  Ldotln,  Laboratolre  de  Physique  des  Solldes,  SNCMP-INSA,  Complexe 
Sclentlflque  de  Ranguell,  31077  Toulouse-Cedex,  France;  *Tel(elec  Microwave,  91953  Les 
Ulls,  France;  **LAAS,  7  av.  du  Colonel  Roche,  31077  Toulouse-Cedex,  France; 

_ ***QMW.  Mile  End  Road,  London  El  4NS.  UK. _ 

M2.3  CHARACTERISTICS  AND  PERFORMANCE  OF  Oe:Ga  FAR-INFRARED 
PHOTOCONDUCTORS  FOR  SPACE  APPLICATIONS  -  N.  Hlromoto,  M.Fujlwara, 

T. Itabe,  H.  Shlbal*  and  H.  Okuda*,  Communications  Research  Laboratory,  Koganei, 
Tokyo  184,  Japan;  *Instltute  Space  Astronaut.  Scl.,  Sagamlhara,  Kanagawa  229,  Japan. 

M2.4  EFFECTS  OF  IONISING  RADIATION  IN  Oe:Oa  AND  Qe:Be  FAR-INFRARED 
PHOTOCONDUCTORS  -  M.C, Price,  S.E.Church,  M.J.Grlffin  and  P.A.R.  Ade, 
Depanment  of  Physics,  Queen  Mary  and  Westfield  College,  Mile  End  Road,  London  El 

_ 4NSj _ 

M2.5  THE  NOISE  AND  OPTIMUM  OPERATING  TEMPERATURE  OF  HIGH  Tc 
SUPERCONDUCTING  INFRARED  BOLOMETER  -  Chen  Juxln,  Shi  Baoan,  Wu  Rq^la, 
Gong  Shuxlng,  Shanghai  Inst,  of  Technical  Physics,  Shanghai  200083,  PRC,  Yang 
Calbing,  Cao  Xiaoneng,  Institute  of  Electronics,  Bering  100080,  PRC,  Zhang  Yinzi  and  LI 
_ lin,  Institute  of  Physics,  Beijing  100080,  PRC. 

M2.6  EXCITONIC  DETECTORS  OF  INFRARED  AND  SUBMILLIMETER  WAVES  - 
G.K. Vlasov,  D.N. Vylegzhanin  and  E.I.Chizhikova,  Center  for  Program  Studies,  Russian 
Academy  of  Sciences,  SU-1 17810  Moscow,  Russia. 

M2.7  NEW  MICROWAVE  DETECTOR  -  S.Alknontas  and  A.SuIiedells,  Semiconductor  Physics 

institute,  2600  Vilnius.  Lithuania. 

M2.8  NEW  HOT-CARRIER  EFFECTS  IN  SUBMICRON  STRUCTURES  FOR  INFRARED 


AND  MILLIMETER  WAVE  RECEIVERS  -  V.B.Yurchenko,  Kharkov  Polytechnic 
Institute,  Dept.  Materials  for  Electronics  and  Solar  Cells,  21  Frunze  St.,  Kharkov  310002, 
Ukraine. 
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SESSION  M3 


Monday  AM _ GAS  LASERS  ■  1  September  6 

M3.1  HIGH  POWER  TUNABLE  20  atm  CO2-LASERS  AND  THEIR  OPFIRL  APPLICATIONS* 
{Invited  Keynote)  -  W.Schatr  and  K.F.Renk,  Institut  fllr  Angewandte  Physik,  UnivcrsitJlt 

_ Regensburg,  W-8400  Regensburg,  Germany. _ _ 

M3.2  MEASUREMENT  OF  POWER  AND  ENERGY  -  D.H.MartIn,  Department  of  Physics,  Queen 
Mary  and  Westfield  College.  Mile  End  Road,  London  El  4NS,  UK. 

M3.3  FAR  INFRARED  LASER  LINES  FROM  CH3OH  AND  ISOTOPES:  A  REVIEW  - 
S.C.Zerbetto  and  E.C.C.Vasconcellos,  Institute  de  Ffsica,  "Gleb  Wataghln",  Depto.  Electrdnica 

_ Quflntica,  Universidade  Estadual  de  Campinas  -Cx.P.tblbS  13083.970,  Campinas.  SP,  Brazil. 

M3.4  NEW  FIR  LASER  LINES  FROM  OPTICALLY  PUMPED  C2H3F,  C2H3CI.  C2H3CN, 
C2H2F2,  C2H5F  AND  CF2O  ■  P.B.  Davies,  Yuyan  Liu,  Zhuan  Lui*,  Dept,  of  Chemistry, 
University  of  Cambridge,  Lensfield  Road,  Cambridge  CB2  lEW,  UK;  '"Permanent  Address: 

_ Wuhan  Institute  of  Physics,  the  Chinese  Academy  of  Sciences.  Wuhan  430071,  P.R.  China. 

M3.5  IDENTIFICATION  OF  SUBMILLIMETER  CD20  LASER  LINES  -  S.F.Dyubko  and 
S.V.Syrota,  Dept,  of  Quantum  Radiophysics,  Kharkov  State  University,  Ukraine. 

M3.6  A  TABLE  OF  THE  ABSORPTION  STRONG  LINES  OF  FORMIC  ACID  WHICH  ARE 
COINCIDED  WITH  THE  FIR  LASERS  FREQUENCIES  ■  S.F.Dyubko  and  S.V.Syrota,  Dept. 

_ of  Quantum  Radiophysics.  Kharkov  State  University.  Ukraine.  310077. 

M3.7  TIME  DEPENDENT  SIMULATION  OF  OPTICALLY  PUMPED  FIR  LASER  FOR 
ARBITRARY  POLARISATION  CONFIGURATIONS  -  V.A.Batanov,  A.O.Radkevlch  and 

A.L.Telyatnlkov,  Inst,  of  Physics  and  Technology,  Krasikova  25A.  Moscow,  Russia, _ 

M3.8  THEORETICAL  RESEARCH  AND  DISCUSSION  OF  DYNAMICAL  STATES  OF 
OPTICALLY  PUMPED  SUBMILLIMETER  LASER  •  Luo  Liguo>  Nle  Dezhen»,  Chen  Jishu^ 
and  Su  Jinwen^,  I  Department  of  Optics,  Shandong  University,  Jinan,  Shandong,  250100,  P.R. 
China;  2Department  of  Physics,  Ningbo  University,  Ningbo,  Zhejiang,  315211,  P.R.  China; 
^National  Laboratory  for  Infrared  Physics,  Shanghai  Institute  of  Technical  Physics,  Academia 
Sinica,  Shanghai,  200083,  P.R.  China. 

M3.9  EXPERIMENTAL  RESEARCH  OF  PULSATION  AND  CHAOS  IN  OPTICALLY  PUMPED 
SUBMILLIMETER  LASER  -  Luo  Liguol,  Chen  Jishu^  and  Su  Jinwen^,  iDepartment  of 
Optics,  Shandong  University,  Jinan,  Shandong,  250100,  P.R.  China;  ^Department  of  Physics, 
Ningbo  University,  Ningbo,  Zhejiang,  315211,  P.R.  China;  ^National  Laboratory  for  Infrared 
Physics,  Shanghai  Institute  of  Technical  Physics,  Academia  Sinica.,  Shanghai.  200083,  P.R. 
_ China. 
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Monday  AM  SPECTROSCOPY  •  I  September  6 


M4.1 

EXPERIMENTAL  STUDIES  WITH  OPEN  RESONATORS  ON  FREQUENCY 
DEPENDENT  DIELECTRIC  LOSS  AT  MM  WAVELENGTHS  {Invited  Keynote)  - 
V.V.Parshin,  Applied  Physics  Institute,  Russian  Academy  of  Sciences,  603600,  Nizhni 

Novgorod,  Russia.  R.Heidinger  and  Q.Link,  Kemforschungszentrum,  D-7SOO  Karlsruhe  1, 

Germany. 

M4.2 

DIELECTRIC  LOSS  MEASUREMENTS  BETWEEN  2S-300  K  WITH  A  HEMISPHERICAL 
FABRY-PBROT  RESONATOR  -  R.Helding«r  and  Q.Link.  Kemforschungszentrum  Karlsruhe, 

Association  KfK>Euratom  Institut  fUr  Matcrialforschung,  Postfach  3640,  D>76021  Karlsruhe, 

F.R.G. 

M4.3 

MONOCHROMATIC  SUBMILLIMETER  SPECTROMETRY  IN  STANDARDS  AND 

MATERIAL  CHARACTERISATION  -  R.Brazis,  A.NamtOunas,  V.Gaidelis,  L.Safonova  and 
S.Bumeliene,  Semiconductor  Physics  Institute,  A.  Gostauto  11.  Vilnius  2600,  Lithuania. 

M4.4 

PROPERTIES  OF  MATERIALS  FOR  PRACTICAL  USE  AT  THE  MM  AND  SUBMM 
WAVELENGTHS  •  V.V.Meriakri  and  E.E.Chigrai,  Institute  of  Radioengineering  and 

Electronics,  Russian  Academy  of  Sciences,  Frjazlno,  Moscow  region  141 120,  Russia. 

M4.5 

ON  THE  MEASUREMENT  OF  THE  COMPLEX  DIELECTRIC  CONSTANT  OF  THE 

MEDIUM  •  Yu  Rong  and  Xingguo  Li,  Dept,  of  Electronic  Engineering,  East  China  Institute  of 

Technology,  Nanjing,  P.O.  Code  210014,  P.R.  China. 

M4.6 

BIREFRINGENCE  AND  DICHROISM  IN  MAGNETIC  FLUIDS,  INDUCED  BY 
MAGNETIC  FIELD,  IN  FREQUENCY  RANGE  36GHz-600  GHz  «  A.V.Semenov  and 

E.A. Vinogradov,  Submllllmeter-Range  Physics  Laboratory,  General  Physics  Institute,  Russian 

Academy  of  Science.  1 17942  Moscow.  Russia. 

M4.7 

MM-WAVE  DIELECTRIC  MEASUREMENTS  WITH  AN  ELECTRIC-FIELD  CROSS¬ 
CORRELATION  FOURIER  TRANSFORM  SPECTROMETER  -  Ding  Hanyi  and  Zhang 

Guangzhao,  Electronics  Dept.,  Zhongshan  University.  Guangzhou  S1027S.  P.R.  China. 

M4.8 

TWO-FREQUENCY  QUASI-OPTICAL  RADIOSPECTROMETER  FOR  SUBSTANCE 
INVESTIGATIONS  -  A.A.Vertiy,  I.V  Ivanchenko  and  N.A.Popenko,  Institute  of  Radiophysics 
and  Electronics,  Academy  of  Sciences  of  the  Ukraine,  310085  Kharkov,  Ukraine. 

M4.9 

DIELECTRIC  LOSSES  IN  GASES  UNDER  IONISING  RADIATION  -  J.Molld,  A.lbarra  and 
B.R.Hodgson,  Inst.  Investlgacidn  Bdsica.  CIEMAT,  Ed.  2.  Av.  Complutense,  22.  B-28040  . 

Madrid,  Spain. 
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M4.10  DEMONSTRATION  OF  RESONANTLY  ENHANCED  DEGENERATE  FOUR-WAVE 
MIXING  OF  MILLIMETER  WAVES  IN  GAS  ■  N.A.Bogatov,  M.S.Gitlin,  A.G.Utvak  and 
A.G.Luchlnin,  Institute  of  Applied  Physics,  Russian  Academy  of  Sciences,  46  Ulyanov  Str„ 
603600  Nizhny  Novgorod,  Russia;  G.S.  Nusinovich,  Laboratory  for  Plasma  Research, 
_ University  of  Maryland.  College  Park,  Maryland  20742,  USA. 

M4.U  PRESSURE  BROADENING  OF  SO2  BETWEEN  90  K  AND  600  K  -  J.M.Dutta*.  T.M. 
Ooyette**,  F.C  DeLucia**  and  C.R.  Jones*,  *Department  of  Physics,  North  Carolina  Central 
University,  Durham,  NC,  USA,  **Department  of  Physics,  The  Ohio  State  University, 
Columbus.  OH,  USA. 
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M5.1  SMITH  PURCELL  RADIATION  IN  THE  RELATIVISTIC  LIMIT  [Invited  Keynote)  -  J.E. 

Walsh,  Department  of  Physics  and  Astronomy,  Dartmouth  College,  6127  Wilder 
_ Laboratory.  Hanover.  N.H.  03755-3528.  USA. _ 


M5.2  THE  ANALYSIS  OF  ELECTROMAGNETIC  WAVE  AMPLIFICATION  IN  QUASI- 
OPTICAL  WAVEGUIDE  WITH  ELECTRON  BEAM  (SELECTRON)  -  N.L.Romashln, 
A.I.  KleeV*  and  V.A,  SolntseV**,  Institute  of  Radioengineering  and  Electronics,  Russian 
Academy  of  Sciences,  Marx  av.  18,  Moscow  103907,  Russia;  '*'P.L.Kapitza  Institute  for 
Physical  Problems,  Russian  Academy  of  Sciences,  ul.  Kosygina  2,  Moscow  1 17334,  Russia; 
**MIEM.  B.Vuzovsky.  3/12,  Moscow  109028,  Russia. 

M5.3  THE  INFLUENCE  OF  e-BEAM  PHASE  SPACE  ON  FEL  PERFORMANCE  -  Zlll  Weng 
and  Yliln  Shi,  Institute  of  Atomic  Energy.  P.O.  Box  275(18)  102413  Beillng,  P.R.  China. 
M5.4  NON-LINEAR  THEORY  OF  TWO-STREAM  SUPERHETERODYNE  FREE 
ELECTRON  LASERS  -  V.V.Kulish.  S.A.Kuleshov  and  A.V.Lysenko.  Sumy  Physlcal- 
Technology  Institute,  2  Rymskl-Korsakov  St.,  Sumy  244007,  Ukraine. 

M5.S  ENTROPYLIKE  QUANTITY  OF  THE  EQUILIBRIUM  ELECTRONS  IN  A 
COLLECTIVE  FREE-ELECTRON  LASER  •  Shl-Chang  Zhang.  Qing-Xiang  Liu  and  Yong 
Xu,  Southwest  Jiaotong  University,  Dept,  of  Applied  Physics,  Chengdu,  Sichuan  610031, 

P.R.  China. _ 

M5.6  CHERENKOV  RADIATION  FROM  A  FINITE  EMISSION  LENGTH  •  M.Ikezawa, 
Institute  for  Scientific  Measurements,  Tohoku  University.  Sendai  980,  Japan. 

M5.7  OBSERVATION  OF  COHERENT  MILLIMETER  WAVE  RADIATION  FROM  AN 
INTENSE  ELECTRON  BUNCH  FOR  BEAM  DIAGNOSTICS  -  Juzo  Ohkuma,  Shuichl 
Okuda,  Tolchl  Okada  and  Kiyomi  Sakai"*,  Radiation  Laboratory,  The  Institute  of  Scientific 
and  Industrial  Research,  Osaka  University,  Mihogaoka,  Ibaraki,  Osaka  S67,  Japan; 
'"Communications  Research  Laboratory,  Kansai  Advanced  Research  Center,  Iwaoka, 
Nishiku,  Kobe  651-24,  Japan. 

M5.8  EXPERIMENTAL  INVESTIGATIONS  OF  AN  EXTERNAL  FEEDBACK  SYSTEM  FOR 
WAVELENGTH  SELECTION  OF  HIGH  POWER  MICROWAVE  RADIATION  IN  A 
FREE  ELECTRON  MASER  REGIME  -  V.A.Bogachenkov,  V.A.Papadlchev, 

_ I.V.Sinilschlkovg  and  O.A.Smlth,  P.N.Lebedev  Physical  Institute,  Moscow  1 17924,  Russia. 

M5.9  THE  MAGNETIC  FIELD  PROFILE  AND  e-BEAM  TRANSPORT  IN  THE  DOUBLE 
HELIX  LINEARLY  POLARIZED  WIOGLER  -  Hu  Jianpin,  Wang  Pingshan,  Hu  Kesong, 
Chen  Yutao,  Southwest  Institute  of  Applied  Electronics,  P.O.  Box  323,  No.63,  Chengdu, 
_ Sichuan,  P.R.  China.  _  _ 


XX 


MS.  10  INVESTIGATION  OF  DOUBLE  RELATIVISTIC  ELECTRON  BEAMS  EM-FEL  -  Yang 
Ziqiang,  Liang  Zheng,  Li  Jlayin,  Zhang  Bin,  Wu  lianqiang,  Ma  Wenduo,  Deng  Tianquan, 
Hu  SaoXian,  Chen  Xinyu,  High  Energy  Electronic  Research  Institute,  University  of 

Electronic  Science  and  Technology  of  China,  Chengdu  610054,  Sichuan,  P.R.  China. _ 

M5.11  THE  DESIGN  WITH  THE  STAGGED  LOOPS  ON  THE  ENTRANCE  REGION  OF  THE 
BILIFAR  HELIED  LINES  WIGGLER  -  Hu  Jianpin,  Hu  Kesong,  Huang  Sunren,  Cheng 
Yutao,  Southwest  Institute  of  Applied  Electronics,  P.O.  Box  523,  No.65,  Chengdu,  Sichuan, 
P.R,  China. 

M5.12  STAGGED  LOOPS  LINEARLY  POLARISED  WIGGLER  •  Hu  Jianpin,  Cheng  Yutao,  Hu 
Shuzhen,  Liu  X*  Southwest  Institute  of  Applied  Electronics,  P.O.  Box  523,  No,65, 
Chengdu.  Sichuan,  X,  China. 
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M6.1 

A  SUB-MILLIMETRE  WAVE  SIS  RECEIVER  -  B.N.  Ellison+,  S.M.X.  Claude*,  A. 

Jones*,  D.N.  Matheson*-  L.T.  Little*  and  S.R.  Davies*,  *Space  Science  Department, 

Rutherford  Appleton  Laboratory,  Dldcot,  Oxon,  0X11  OQX;  *Elcctronlc  Engineering 

Laboratory,  University  of  Kent  at  Canterbury,  Canterbury,  Kent,  CT2  TNT,  UK. 

M6,2 

HIGH  SPEED  HOT-ELECTRON  SUPERCONDUCTING  BOLOMETER  - 
G.N.Ool'tsman  and  E.M.Oershenzon,  Moscow  State  Pedagogical  University,  1  M. 

PirosovskaJa  Str.,  Moscow  1 19433,  Russia. 

M6.3 

PICOSECOND  DETECTION  OF  INFRARED  RADIATION  WITH  YBa2Cu307.8  THIN 

FILMS  -  M.Danerud*,  M.  Zorin*,  M.Lindgrentt,  v.  Trifonov*,  B,  Karasik*,  E.M. 

Gershenzon*,  G.N.  Ool'tsman*  and  D.  Winkler*,  *Department  of  Physics,  ttDepartment  of 
Optoelectronics  and  Electrical  Measurements,  Chalmers  University  of  Technology,  S-412 

96  Gbteborg,  Sweden;  *Department  of  Physics,  Moscow  State  Pedagogical  University,  1 

Malaya  Piroaovskaia,  Moscow  1 19435,  Russia. 

M6.4 

NORMAL  STATE  YB«2Cu307.  FILMS:  A  NEW  FAST  DETECTOR  FOR  FAR 

INFRARED  LASER  RADIATION  -  S.  Zeuner,  P.Q.  Huggard,  K.  Goiler,  H.  Lengfellner 

and  W,  Prettl,  Institut  fUr  Angewandte  Physik,  Universitiit  Regensburg,  93040  Regensburg,  ^ 

Germany,  i 

M6.5 

TRANSVERSE  MIR  PAST  RESPONSE  IN  PbSe  FILMS  -  S.Marchettl  and  R.Simili, 
IFAM-CNR,viadel8iardlno7,  36100  Pisa.  Italy. 

M6.6 

A  MINIATURIZED  BOLOMETER  ARRAY  FOR  FIR  LASER  SPECTROSCOPY  • 

P.T.Lang*.  K.F.Mast*,  K.F.  Renk**  and  W.  Schatz**,  *MPI  fUr  Plasmaphyslk, 

EURATOM  Association,  W-8046  Garching;  **In8tltut  fUr  Angewandte  Physik, 

Universitiit  Regensburg,  W-8400  Regensburg,  Germany. 

M6.7 

NANOSECOND  RESPONSE  TIME  DETECTORS  FOR  MILLIMETRE  WAVE  FELS  - 
M.F.Klmmitt,  A.  Doria*,  G.P.  Oullerano*  and  E.  Giovenale*,  Department  of  Physics, 

University  of  Essex,  Colchester  C04  3SQ,  UK;  *Dipartimento  Sviluppo  Tecnologle  dl 

Punta,  ENEA,  PO  Box  63-00044,  Frascati,  Italy. 

M6.8  PHYSICAL  GROUNDS  OF  HIGH-SENSITIVE  DETECTION  OF  IR  RADIATION  IN 
THE  CRYSTAL  AT  ROOM  TEMPERATURE  ■  O.K.Vlasov,  N.A.Dolgikh  and 
E.I.Chlzhikova,  Center  of  Program  Studies,  Russian  Academy  of  Sciences,  SU-1 17810 
Moscow,  Russia 

M6.9  PBZT  INFRARED  MATERIAL  AND  DETECTOR  ■  Wu  Ping*  and  Kang  Lin**, 
*Department  of  Physics,  Nanjing  Aeronautical  Institute,  210016  Nanjing,  P.R.  China; 
_ **Department  of  Information  Physics,  Nanjing  University,  210008  Nanjing,  P,R.  China. 
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M6.10  SEMI-CHAOTIC  PULSE  EFFECTS  IN  SELF-MODULATING  GUNN  OSCILLATORS  - 
D.A.  Robertson,*  G.M. Smith*,  C.O.Lesurf*,  N.R.  Couch**  and  M.J.  Kearney**, 
*Department  of  Physics,  St.  Andrews  University,  North  Haugh,  'St.  Andrews,  Fife,  KY16 
9SS,  Scotland;  **OEC-Marconi  Ltd.,  Hirst  Research  Centre,  East  Lane,  Wembley, 

_ Middx.,  HA9  7PP.  UK. _ 

M6.11  BACKWARD  WAVE  TUBE  -  SOURCES  OF  MM  CHAOTIC  OSCILLATION  ■ 
K.A.Lukin  and  V.A.Rakltyansky,  Institute  of  Radiophysics  and  Electronics  of  the 
Academy  of  Sciences  of  Ukraine,  12  Proskura  st.,  Kharkov  310085,  Ukraine. 


Kxiir 


SESION  M7 


Monday  PM  GAS  LASERS  ■  H _ September  6 


M7.1  A  DUAL  CHANNEL  OPTICALLY  PUMPED  FIR  LASER  SYSTEM  FOR  PLASMA 
DIAGNOSTICS  >  B.W.Davis  and  R.S.Thomas,  Edinburgh  Instruments  Ltd.,  Riccarton, 

Edinburgh.  EH14  4AP.  UK. _ 

M7.2  IMPROVEMENTS  OF  THE  CHARACTERISTICS  OF  A  HIGH-POWER  OPTICALLY- 
PUMPED  FAR-INFRARED  LASER  AND  ITS  APPLICATION  -  T.Hori,  N.Hlromoto  and  A. 
Yamamoto*,  Communications  Research  Laboratory,  4-2-1  Nukui-klta,  Koganel,  Tokyo  184, 
Japan;  ^National  Space  Development  Agency  of  Japan,  1-29-6  Hammamatsu-cho,  Minato-ku, 
Tokyo  105,  Japan. 

M7.3  OPFIRL  INVESTIGATION  OF  AMMONIA  -  W.Schatz  and  K.F.Renk,  Institut  fUr 
Angewandte  Physik,  Universitat  Regensburg,  W-8400  Regensburg,  Germany, 

IVI7.4  SYNCHRONIZATION  EFFECTS  IN  BROADBAND  FIR  RAMAN  SCATTERING  IN  NH3  - 
S.Mnrchetti  and  R.Simlli.  IFAM-CNR,  Via  del  giardino  7, 56100,  Pisa,  Italy. 


M7.5  DENSITY-MATRIX  MODELLING  OF  THREE-PHOTON  l-)-l  +  l(UV+IR+UV) 
RESONANCE  IONIZATION  OF  IRON  -  A.L.Telyatnlkov*,  O.R.  Jones  and  H.H.Telle, 
Physics  Department,  University  College  of  Swansea,  Singleton  Park,  Swansea  SA2  8PP, 
Wales,  UK;  ^Present  address:  Institute  of  Physics  and  Technology  of  Russian  Academy  of 
Sciences.  Krasikova  23A.  Moscow,  Russia,  1 17218. _ _ _ 


M7.6 

TUNING  AND  SPECTRA  FEATURES  OF  CONTINUOUSLY  TUNABLE  CH3F  RAMAN 

LASER  •  V. A. Batanov,  A.O.Radkevich  and  A.L.Telyatnikov,  Institute  of  Physics  and 

Technology  of  Russian  Academy  of  Sciences,  Krasikova  25A,  Moscow.  Russia,  117218. 

M7.7 

NEW  APPROACH  FOR  NUMERICAL  SIMULATION  OF  THE  NON-STEADY-STATE 

INFRARED  LASER  BEAM  STRUCTURE  -  L.V.Yurchenko,  Institute  of  Radiophysics  and 

Electronics  of  the  Academy  of  Sciences  of  Ukraine,  12  Proskura  st.,  Kharkov  310085,  Ukraine. 

M7.8 

OPTIMUM  PUMP  BEAM  PROFILING  IN  A  RAMAN  LASER  -  V.A.Batanov,  V.S.Petriv  and 
A.O.Radkevich,  Institute  of  Physic.s  and  Technology  of  the  Russian  Academy  of  Sciences, 

117218  Moscow,  Krasikova  25A,  Russia. 

M7.9 

DEPOLARIZATION  OF  OUTPUT  LASER  RADIATION  IN  HCN  LASER  -  Yu.Ye.Kamenev, 

Ye.M. Kuleshov,  V.P.Radionov  and  A.A.Filimonova,  Institute  of  Radiophysics  and  Electronics 
of  Academy  of  Sciences  of  Ukraine,  12  Acad.  Proscura  st.,  Kharkov  310085,  Ukraine.  1 
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Monday  PM  SPECTROSCOPY  -  II  Sertembcr  6 


M8.I  FAR  INFRARED  REFLECTANCE  STANDARDS  (Invited  Keynote)  -  E.A.Nicol  and 
_ J.R.Birch,  National  Physical  Laboratory,  Teddington,  Middlesex  TWl  1  OLW.  UK. _ 


M8.2  MODELLING  OF  INTRINSIC  MM-WAVE  ABSORPTION  IN  LOW  LOSS  DIELECTRICS 
WITH  COMPLEX  CRYSTAL  STRUCTURE  -  G.Link  and  R.Heldlnger, 
Kernt'orschungszentrum  Karlsruhe,  Association  KfK-Euratom  Institut  fUr  Materialforschung, 
Postfach  3640,  Karlsruhe.  F.R.G. 

M8.3  I'EMPERATURE  DEPENDENCE  OF  THE  OPTICAL  CONSTANTS  OF  POLYETHYLENE 
IN  THE  REGION  OF  THE  73  CM’l  LATTICE  MODE  -  J.R.Birch  and  Kong  Fan  Ping,  NPL, 

_ Teddington,  Mlddle.scx.  TWl  1  OLW.  UK. _ 

M8.4  DIRECT  DETERMINATION  OF  THE  FAR  INFRARED  COMPLEX  REFRACTIVE  INDEX 
OF  InAs  AT  300  AND  100  K  -  A.K.Wan  Abdullah,  School  of  Physics,  Unlversltl  Sains 
Malaysia,  Malaysia,  T.J. Parker,  Univ.  of  Essex,  Colchester  C04  3SQ,  UK,  and  C.Patel, 
Department  of  Nuclear  Physics.  Univ.  of  Oxford.  0X1  3RH.  UK. 

M8.S  A  VARIABLE  TEMPERATURE  DISPERSIVE  FOURIER  TRANSFORM  SPECFROMETER 
FOR  COMPLEX  REFLECTION  MEASUREMENTS  ON  OPAQUE  SOLIDS  •  J.R.Birch  and 
P.G.Oulncev.  NPL.  Teddington,  Middlesex.  TWl  1  OLW,  UK. _ 

M8.d  REFRACTOMETRY  OF  OIL  PRODUCTS  IN  MILLIMETER  AND  SUBMILLIMETER 
RANGE  •  A.B.Latyshev,  D.A.Loukianov  and  A.V.Semenov,  General  Physics  Institute,  Russian 
Academy  of  Science,  1 17942,  Moscow,  Russia. 

M8.7  CHARACTERIZATION  OF  MATERIALS  BY  SUBMILLIMETER  MULTIBEAM 
TECHNIQUES  -  B.P.Oorshunov,  G.Oruner,  I.V.Fedorov,  G.V.Kozlov,  l.I.  Tkachev  and 
A.A. Volkov,  General  Physics  Institute.  Russian  Academy  of  Science,  38  Vavilov  str„  11792 
Moscow,  Russia;  B.  Holzapfel,  0.  Saemann>Ischenko,  Institute  of  Physics,  University  of 
Erlangen.  Erwln-Rommel  Strasse,  D-8320  Erlanflcn,  GeiTnany. 

M8.8  CHARACTERISATION  OF  MICROWAVE  CERAMICS  AT  SUBMILLIMETRE  WAVES  - 
I.V.Fedorov,  G.A.Komandln,  G.V.Kozlov  and  A.A.  Volkov,  General  Physics  Institute,  Russian 
Academy  of  Sciences,  38  Vavilov  str.,  117942  Moscow,  Russia;  E.A.Nenasheva,  "Gyrlcond" 
Research  Institute,  St.  Petersburg,  Russia  and  J.Petzelt,  Institute  of  Physics,  Na  Slovance  2, 
Prague,  Czechia. 

M8.9  INFRARED  SPECTRA  OF  WOOL  FIBERS  yIRRADIATED  IN  MIXTURES  OF 
SOLVENTS  •  S.M.Rable,  M.A.Moharram*  and  O.M.Mahmoud*,  Middle  Eastern  Regional 
Radioisotope  Center  for  the  Arab  Countries,  Cairo,  Egypt;  ^National  Research  Centre,  Cairo, 
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M8.10  EFFECT  OF  THE  ORGANIC  SOLVENTS  ON  THE  ABSORPTION  BANDS  IN  THE 
INFRARED  REGION  OF  THE  SPECTRUM  -  M.I.Nasscr,  Physics  Department,  National 
Research  Center.  Dokki,  Cairo,  Egypt. 

M8.11  OPTICAL  PROPERTIES  OF  LANTHANIDES  IONS  IN  LOW  VIBRATIONAL 
FREQUENCY  SOLVENTS  -  A.C.CoIcman  and  H.N.Rutt,  Dept,  of  Electronics  and  Computer 
Science,  University  of  Southampton,  Southampton  S09  5NH,  UK. 

M8.12  CONSTRUCTION  OF  A  NULLING  BRIDGE-TYPE  DISPERSIVE  INTERFEROMETRIC 
SPECTROMETER  IN  THE  MILLIMETER  WAVE  REGION  -  M.  Hangyo*,  S.  Nakashlma**, 
Y.  Aoki""**,  K.  Sakai*"*"";  '"Research  Center  for  Superconducting  Materials  and  Electronics, 
Osaka  University,  2-1  Yamadaoka,  Suita,  Osaka  565,  Japan;  *""Departmont  of  Applied  Physics, 
Faculty  of  Engineering,  Osaka  University,  2-1  Yamadaoka,  Suita,  Osaka  565,  Japan; 
'"'"'"Kansai  Advanced  Research  Center,  Communication  Research  Laboratory,  M.P.T.,  Iwaoka, 
Kobe-shi,  Hyogo  651-24,  Japan. 

M8.13  MILLIMETER  WAVE  RADAR  ABSORBING  MATERIALS  -  M.N.  Afsar  and  Hua  Chi,  Tufts 
University.  Department  of  Electrical  Engineering,  Medfoid,  Massachusetts  02155-5528,  U.S.a, 
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Tul.l 

DEVELOPMENT  OF  BROADBAND  VACUUM  WINDOWS  FOR  HIGH-POWER 
MILLIMETER  WAVE  SYSTEMS  -  H.-U.Nickel*,  H.Masslcr  and  M.Thumm*,  UnivcrsitUt 

Karlsruhe,  Institut  fUr  Hdchstfrequenztechnik  und  Elektronlk,  Kaiserstrape  12,  D-76131 

Karlsruhe,  Germany,  also  '"Kemforschungszentrum  Karlsruhe,  Institute  fUr  Technische 

Physik,  P.O.  Box  3640,  D-7601 1  Karlsruhe,  Germany. 

Tul.2 

THE  OPTICAL  CONSTANTS,  AT  ELEVATED  TEMPERATURES,  OF  SOME 
POTENTIAL  WINDOW  MATERIALS  FOR  HIGH  POWER  AND  PLASMA 
DIAGNOSTIC  APPLICATIONS.-  J.R.Birch,  E.A.Nicol,  T.P.Hughes*  and  D.V.Banlett*. 

Division  of  Electrical  Science,  National  Physical  Laboratory,  Teddington,  Middlesex  TWl  1 

OLW,  U.K.:  *JET  Joint  Undertaking,  Abingdon,  Oxon  0X14  3EA,  UK. 

Tul.3 

ANTI-REFLECriON  TREATMENTS  FOR  JET  MILLIMETRE  WAVE  DIAGNOSTIC 
WINDOWS.-  T.P.Hughes,  S.D.Richards  and  D.V.  Bartlett,  JET  Joint  Undertaking, 

Abingdon,  Oxon  0X14  3EA,  UK. 

Tul.4 

> 

ELECTRICAL  ANALYSIS  OF  WIDEBAND  AND  DISTRIBUTED  WINDOWS  USING 
TIME-DEPENDENT  FIELD  CODES  -  C.C.Shang  and  M.Caplan,  University  of  California, 

Lawrence  Livermore  National  Laboratory,  Livermore,  CA  94551,  USA;  H.-U.  Nickel  and 

M.Thumm,  IHE  UnivcrsitUt  Karlsruhe  and  ITP  Kemforschungszentrum  Karlsruhe, 

Germany. 

^  Tul.5 

ON  THE  USE  OF  A  HYBRID  MODE  MIXTURE  FOR  LOWERING  THE  THERMAL 

LOAD  PEAK  IN  CERAMIC  WINDOWS  FOR  MM-WAVE  ECRH  EXPERIMENTS  - 
F.Billi"',  S.  Cirant""",  L.Manih*,  G.  Solari**  and  G.Viciguerra*;  *DEEI  •  Universita  di 

Trieste,  Via  A.  Valerio  10,  34127,  Trieste,  Italy;  """Istituto  di  Fisica  del  Plasma  -  Assoc, 
EURATOM-ENEA-CNR,  Via  Bassini  15-20133  Milano,  Italy. 

Tul.« 

EFFECT  OF  WINDOW  TOLERANCES  ON  GYROTRON  PERFORMANCE  -  J.Jelonnek 

and  K.Schllnemann.  Technische  UniversitUt  Hamburg-Harburg,  Germany. 

Tul.7 

INCREASE  OF  GYROTRON  WINDOW  CARRYING  CAPACITY  BASED  ON 

OPTIMIZATION  OF  OUTPUT  WAVEBEAM  STRUCTURE  -  V.I.Belousov, 
O.O.Denisov,  V. I. Malygin,  D.V. Vinogradov,  V.E.Zapevalov  and  S.A. Malygin'*',  Institute  of 

Applied  Physics,  Nizhny  Novgorod,  Russia;  '*'R&D  Institute  "Salut",  Nizhny  Novgorod, 

Russia. 

Tul.8 

NEW  WINDOW  MATERIALS  FOR  HIGH  POWER  GYROTRON  -  M.N.  Afsar  and  Hua 

Chi,  Dcpanment  of  Electrical  Engineering,  Tufts  University,  Medford,  Massachusetts  02155 
-  5528,  U.S.A. 

Tul.9 

RADIATION  INDUCED  REDUCTION  OF  SILICON  LOSS  TANGENT  -  A.  Ibarra,  J. 

Molld  and  E.R  Hodgson,  Inst.  Investigacidn  Bdsica,  CIEMAT,  Ed.  2.  Av.  Complutense,  22, 

E-28C40  Madrid,  Spain. 
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Tuesday  AM  DETECTORS  AND  SOURCES  -  III  September  7 


Tu2.1  ULTRALOW  BACKGROUND  RADIATION  FAR  INFRARED  SPECTROSCOPY 
BASED  ON  THE  MAGNETICALLY  TUNABLE  SELECTIVE  SOURCES,  FILTERS 
AND  DETECTORS  {Invited  Keynote)  •  W.Knap,  D.Dur,  C.Chaubel  and  A.Raymond, 
Oroupe  d'Etude  des  Semlconducteurs,  University  Montpellier  II  (CNRS  ■  URA  357),  Place 
_ E.  Bataillon,  34095  Montpellier  Cedex  05,  France. 

Tu2.2  THE  FAR  INFRARED  p-Ge  LASER:  TRANSITION  IDENTIFICATION  AND 
EVIDENCE  FOR  STREAMING  MOTION  -  C.R.Pidgeon  and  B.Murdin,  Department  of 
Physics,  Heriot-Watt  University,  Riccarton,  Currie,  Edinburgh,  UK;  C.Kremser, 
K.Unterrainer  and  E.Gornik,  Institut  fur  Festkorperelectronik,  Technische  Universitat 
_ Wien,  A- 1040,  Austria. 

Tu2.3  MODE  STRUCTURE  AND  WAVELENGTH  TUNABILITY  OF  THE  p-Ge  FAR- 
INFRARED  HOT  HOLE  LASER  -  A.V.Muravjov,  S.G.Pavlov,  V.N.Shastin,  Institute  of 
Applied  Physics,  Russian  Academy  of  Science,  Nizhny  Novgorod  603600,  Russia; 
E.Brilndermann,  M.F.Kimmitt'*'  and  H.P.Rdser,  Max-Planck-Institut  fUr  Radioastronomie, 
D-W-5300  Bonn  1,  Germany;  ^Permanent  address;  University  of  Essex,  Colchester,  C04 

_ 3SQ.  UK. _ 

Tu2.4  FAR  INFRARED  RADIATION  (FIR)  SOURCES  BASED  ON  IMPURITY  EMISSION 
FROM  SELECTIVELY  DOPED  MULTI  QUANTUM  WELLS  (MQW)  -  D.Dur,  W.Knap, 
C.Chaubet,  A.Raymond,  P.  Vicente,  A  Dubois,  I.  Salesse,  Oroupe  d'Etude  des 
Semiconducteurs,  University  Montpellier  11  (CNRS  -  URA  357),  Place  E.  Bataillon,  34095 
Montpellier,  Cedex  05,  France;  B.  Etienne,  L2M/CNRS,  196  av.  Henri  Ravera,  92220 
Bagneux  Cedex,  France;  C.R.  Stanley,  M.B.E.  Research  Group,  Department  of  Electronics 

and  Electrical  Engineering.  University  of  Glasgow,  Glasgow  G12  811,  UK. _ 

Tu2,5  DIMINUTIVE  AND  SUPER  DIMINUTIVE  SURFACE  WAVE  MAGNETRONS  OF 
MM  RANGE  -  V.D.  Yeremka,  G.Ya.Levin,  S.N.Tercchin  and  A.Ya.Usikov,  Institute  of 
Radiophysics  and  Electronics,  12  Ac.  Proskura  st.,  Kharkov  310085,  Ukraine. 

Tu2.6  A  FAR-INFRARED  ACTIVE  MEDIUM  BASED  ON  SHALLOW  ACCEPTOR  STATES 
IN  SEMICONDUCTORS  -  V.N.Shastin,  A.V.Muravjov,  E.E.Orlova  and  S.G.Pavlov, 
Institute  of  Applied  Physics,  Russian  Academy  of  Science,  Nizhny  Novgorod  603600, 
Russia. 

Tu2.7  A  CLASS  OF  MICROWAVE  SYNTHESISERS  AND  NOISE  GENERATORS  FOR 
MICROWAVE  SPECTROSCOPY  -  V.L.Vaks,  A.N.Panin,  S.J.Pripolsin,  F.Neubert, 
U.Mau,  A.V.Smorgonski,  V.V.Chodos  and  A.O.Schulechov.  Analytik  &  Messtechnik 
_ GmbH,  Chemnitz,  Austria. _ 
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Tu2.8  TUNABLE  FAR  INFRARED  (TuFIR)  SPECTROSCOPY  OF  TRANSIENT 
MOLECULES  -  S.R.Boardman,  C.H.  Bryant,  P.B.  Davies  and  T.J.Scars*,  Dept,  of 
Chemistry,  University  of  Cambridge,  Lensfield  Road,  Cambridge  CB2  lEW,  UK; 
’"Permanent  address;  Brookhaven  National  Laboratory,  Upton,  N.Y.,  USA,  S.E.R.C. 
VisitinR  Fellow. 


XXIX 


Tu3.1  SCATTERING  OF  GUIDED  MODES  BY  SPHERE  IN  A  QUASI-OPTICAL  WAVEGUIDE 
OF  THE  CLASS  OF  'HOLLOW  DIELECTRIC  CHANNEL'  -  V.K.Klselyev  and  T.M.Ku8hta. 
Inst.  Radiophysics  and  Electronics,  Academy  of  Sciences  of  Ukraine,  12  Acad.  Proskura  str., 
Kharkov.  Ukraine. 

Tu3.2  SCATTERING  OF  A  DIELECTRIC-SLAB  WAVEGUIDE  EIGENMODE  FROM  AN 
INTERNAL  PENETRABLE  INHOMOOENEITY  -  A.G.Yarovoy.  Kharkov  State  University, 
Department  of  Radiophysics.  4  Svobody  Sq.,  Kharkov  310077,  Ukraine. 

Tu3.3  RIGOROUS  ANALYSIS  OF  3-D  DISCONTINUITY  PROBLEM  IN  DIELECTRIC 
WAVEGUIDE  -  Xinzhang  Wu  and  Shanjia  Xu.  Department  of  Radio  and  Electronics, 
University  of  Science  and  Technology  of  China,  Hefei.  Anhui.  230027,  P.R.  China. 

Tu3.4  ANALYSIS  OF  SCATTERING  OF  THE  OPEN  RESONATOR  FIELD  FROM  THE  CAVITY- 
BACKED  APERTURE  •  O.Belous,  V.  Veremey  A.Flsun  and  A.Fursov.  Institute  of 
Radiophysics  and  Electronics  Ukrainian  Academy  of  Sciences,  12  ac.  Proskura  st.,  Kharkov, 
310083,  Ukraine. 

Tu3.5  RESONANT  FREQUENCIES  AND  Q-FACTORS  OF  A  SPHERICAL  CAVITY  LOADED 
BY  AN  ECCENTRIC  DIELECTRIC  SPHERE  -  Li- Yang  Zhang,  Pin  Wang  and  Chang-Hong 
Liang,  Dept,  of  Electromagnetic  Engineering,  Xldian  University.  Shaanxi  710071,  P.R.  China. 
Tu3.6  TM  POLARIZED  WAVE  SCATTERING  FROM  DIELECTRIC  CYLINDER  EMBEDDED 
IN  A  STRATIFIED  MEDIUM.-  A.G.Yarovoy  and  N.P.Zhuck,  Kharkov  State  University, 
Kharkov  310077,  Ukraine. 

Tu3.7  VARIATIONAL  SOLUTION  OF  RESONANT  CAVITY  FILLED  WITH  ANISOTROPIC 
PLASMA.  -  Kal  Liu,  Wenxun  Zhang  and  Jimln  Ylng,  Department  of  Radio  Engineering, 
Southeast  University,  Nanjing  210018,  P.R.  China. 

Tu3.8  OPEN  RESONATOR  WITH  MODE  SELECTION  FOR  MILLIMETER-  WAVE  DEVICES.  ■ 

O. I.Belous,  A.I.Fisun,  A.M.Fursov,  A.A.Kirilenko  and  V.I.Tkachenko,  Inst,  of  Radiophysics 
and  Electronics  Ukranlan  Academy  of  Science,  12,  Acad.  Proskura  st.,  Kharkov  31008S, 
Ukraine. 

Tu3.9  QUASI-OPTICS  EIGENMODES  OF  THE  WAVEGUIDE  RESONATOR  -  A.I.Kleev. 

P. L.Kapitza  Institute  for  Physical  Problems,  Russian  Academy  of  Sciences,  ul.  Kosygina  2, 

_ Moscow,  117334,  Russia. _ 
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Tuesday  AM  SPECTROSCOPY  ■  III  Seotembcr  7 


Tu4.1  FIR  MULTIPHOTON  ABSORPTION  AND  PHOTON  DRAG  EFFECTS  IN  DEGENERATE 
VALENCE  BAND  SEMICONDUCTORS  -  S.D.Ganichev*,  E.L.Ivchenko,  R.  Ya.  Raaulov, 
I.D.Yaroshetskii  and  B.Ya.  Averboukh,  A.F.Ioffe  Physlcotechnlcal  Institute,  Russian  Academy 
of  Sciences,  StPetersburg  194021,  Russia;  ^Present  address;  Uni.  Regensburg,  Institute  fUr 
Angewandte  Physik  III,  93040  Regensburg. 

Tu4.2  FAR  INFRARED  MEASUREMENTS  ON  BAND  NONPARABOLICITIES  IN  DOPED 
MULTIPLE  QUANTUM  WELL  STRUCTURES  -  S.K.Kang>,  J.P.Bryant*,  T.Dumelow>, 
T.J.Parkcr*,  C.T.  Foxon^,  J.W.  Orton^  and  J.J.  Harris^;  ‘Department  of  Physics,  Uniyersity  of 
Essex,  Wiyenhoe  Park,  Colchester  C04  3SQ,  UK;  ^Department  of  Physics,  Uniyersity  of 
Nottingham,  Uniyersity  Park,  Nottingham  N07  2RD,  UK;  ^Department  of  Electrical  and 
Electronic  Engineering,  Uniyersity  of  Nottingham,  Uniyersity  Park,  Nottingham  N07  2RD, 
UK;  ^IRC  for  Semiconductor  Materials,  Blackett  Laboratory,  Imperial  College,  Prince  Consort 

_ Road,  London  SW7  2BZ.UK. _ 

Tu4.3  INVESTIGATION  OF  THE  ELECTRON  DISTRIBUTION  IN  CdxHgi.xTe 

SUPERLATTICES  BY  FAR  INFRARED  AND  RAMAN  SPECTROSCOPY  •  S.K.Kang*, 
T.Dumelow‘,  T.J.Parker*,  R.J.York‘,  S.R,P.Smith‘,  S.N.  Ershoy^  and  M.I.  Vaslleyskl^; 
‘Department  of  Physics,  Uniyersity  of  Essex,  Wiyenhoe  Park,  Colchester  C04  3SQ,  UK; 
^Faculty  of  Physics,  Nizhni  Noygorod  State  Uniyersity,  37  Syerdlova  Street,  Nizhni  Novgorod 
603000,  Russia. 

Tu4.4  THE  CONTROL  OF  GAP  WIDTH  IN  THE  LOW-DIMENSIONAL  SYSTEMS  WITH  CDW 
INSTABILITY  •  A.I.Dmitriev,  G.V.  Lashkarev  and  D.A.Fedorchenko,  Institution  on  Material 
Problems  of  Academy  of  Sciences  of  Ukraine.  Kiev,  Ukraine. 

Tu4.5  DEFECT  AND  CLUSTERING  MODES  OF  HgCdMnTe  CRYSTALS  -  Yu.I.Mazur, 
S.I.Kriven,  S.R.Lavorik  and  G.G.Tarasov,  Institute  of  Semiconductors,  Academy  of  Sciences  of 
Ukraine,  Kiev  252028,  pr.  Nauki  45,  Ukraine. 

Tu4.6  EXCITONIC  LUMINESCENCE  OF  Hgi-x-yCdxMnyTe  CRYSTALS.  -  J.W.Tomm*,  Yu.  I. 
Mazur**,  S.I.  Kriven**,  S.R.  Lavorik**  and  G.O.  Tarasov**,  *Sectlon  of  Physics,  Humboldt 
University,  Berlin,  Germany;  **In8titute  of  Semiconductors,  Ukr.  Acad.  Scl.,  Kiev,  Ukraine. 
Tu4.7  MID-INFRARED  ABSORPTION  SPECTRA  OF  IRON  GROUP  IMPURITIES  IN  II-IV 
SEMICONDUCTORS  •  M.Castlllo,  Universidad  Nacional  Experimental  del  Tdchira,  Apto  436, 
San  Crlstdbal.  Venezuela. _ 


XXXI 


Tu4.8  THIRD  ORDER  NONLINEARITIES  IN  SEMICONDUCTORS  AT  FIR  WAVELENGTHS  - 
P.G.Huggard,  K.R.Goller  and  W.Prettl.,  Institut  fQr  Angewandte  Physik,  Universitttt 
Regensburg,  93040  Regensburg,  Germany;  W.  Bier,  Institut  fUr  Mikrostrukturtechnik, 
Kemforschungszentrum  Karlsruhe,  7500  Karlsruhe  1,  Germany. 

Tu4.9  ANALYSIS  OF  PbTe,Pbi.xSnxTe  THIN  LAYERS  AND  MULTI-LAYER  PbTe-Pb“ 
QUANTUM-WELL  STRUCTURES  OBTAINED  BY  LASER-PULSE  EPITAXY  MEIHOD  - 
A.O.  Alexanian  and  A.M.  Khachatrian,  Institute  of  RadioPhysics  and  Electronics,  Armenian 
AcSci,  Ashtarack-2, 378410,  Armenia.  C.I.S. 
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TuS.l  DEVELOPMENT  OF  REFLECTOMETR  Y  FOR  PLASMA  DENSITY 
MEASUREMENTS  AT  JET  •  A.E.Costley.  JET  Joint  Undertaking,  Abingdon,  Oxon  0X14 
_ 3EA.  UK. _ 


Tu5.2  AN  ADVANCED  RADAR  TECHNIQUE  FOR  ELECTRON  DENSITY 
MEASUREMENTS  ON  LARGE  TOKAMAKS  -  P.Millot  and  H.  Uveque,  Centre  d'Etudea 
et  de  Recherches  de  Toulouse  (ONERA/CERT),  Ddpartement  d'Etudes  et  de  Recherches  en 
MicroOndes,  2,  avenue  Edouard  Belin,  31400  Toulouse  Cedex,  France. 

Tu5.3  A  FOUR-CHANNEL  POLARIZING  INTERFEROMETER  FOR  ECE  MEASUREMENTS 
ON  FTU  TOKAMAK  -  P.Buratti  and  M.Zerbini,  Associazione  EURATOM-ENEA  Sulla 
Fusione,  CRE  Frascati,  CP  65,  i-0Q044  Frascati  (Roma),  Italy. 

Tu5.4  THE  RECEIVER  SYSTEM  OF  THE  FAST  ION  AND  ALPHA  PARTICLE 
DIAGNOSTIC  AT  JET  -  J.Fessey,  J.A.Hoekzema  and  T.P.Hughes,  JET  Joint  Undertaking, 

_ Abingdon,  Oxon  0X14  3EA,  UK. _ 

Tu5.5  A  PLASMA  IMAGING  CAMERA  WITH  A  FILLED,  2-DIMENSIONAL  FOCAL  PLANE 
ARRAY.  •  E.L. Moore,  G.R.Huguenln,  C.T.Hsieh,  A. S. Vickery,  K.R.Wood  and 
J.E.Kapitzky,  Millitcch  Corporation,  P.O.  Box  109,  South  Deerfield  Research  Park,  South 

_ Deerfield,  Mass.  01373,  USA. _ 

Tu5.6  SUPPRESSION  OF  COHERENCE  EFFECTS  IN  THE  MEASUREMENT  OF  MMWAVE 
ABSORPTION  IN  THE  JET  PLASMA  -  R.J.Smlth,  D.V.Bartlett,  A.R.Harvey*, 
J.C.G.Lesurf*  and  M.Sallsbury**',  JET  Joint  Undertaking,  Abingdon,  Oxon  0X14  SEA, 
UK;  ^University  of  St.  Andrews,  Dept,  of  Physics  and  Astronomy,  St.  Andrews,  Scotland; 
♦♦Imperial  College  of  Science,  Techrology  and  Medicine,  London,  SW7  2BZ,  UK. 

Tu5.7  A  BROADBAND  QUASI-OPTICAL  COLLECTION  SYSTEM  FOR  THE  JET 
HETERODYNE  RADIOMETER.-  L.Porte,  D.V.Bartlett,  A.Rookcs*  and  R.J.Wylde^^,  JET 
Joint  Undertaking,  Abingdon,  Oxon  0X14  3EA,  UK;  ♦  Imperial  College  of  Science 
Technology  and  Medicine,  London,  UK;  ♦♦Thomas  Keating  Ltd.,  Billingshurst,  West 
Sussex,  UK  and  Physics  Dept.,  Queen  Mary  and  Westfield  College,  London  El  4NS,  UK. 
Tu5.8  SUBMILLIMETER  LASER  INTERFEROMETER-POLARIMETER  FOR  PLASMA 
DIAGNOSTICS  -  Yu.E.Kamenev,  V.K.Kiselev,  E.M.KuIeshov,  B.N.Knyaz'kov, 
V.K.Kononenko,  P.K. Nesterov  and  M.S.Yanovsky,  Inst.  Rudiophysics  and  Electronics,  12 
Ac  Proscura  st.,  Kharkov,  310085,  Ukraine. 

Tu5.9  FIRST  ELECTRON  TEMPERATURE  EDGE  MEASUREMENTS  ON  THE  ASDEX 
UPGRADE  TOKOMAK  USING  A  HETERODYNE  RADIOMETER  -  N.A.Salmon,  Max- 
Planck-Instltut  fUr  Plasmuphysik,  EURATOM  Association,  D-8046  Garching,  Fed.  Rep. 
Germany. 
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Tuesday  PM _ DETECTORS  AND  SOURCES  ■  IV _ September? 


Tu6.1  HOT-ELECTRON  SUPERCONDUCTING  MIXERS  -  E.M.Oershenzon  and 

O. N.Oortsman.  Moscow  State  Pedagogical  University,  1  M.Pirogovsk(\ja  str.,  Moscow 
119435,  Russia. 

Tu6.2  A  COMBINED  3MM  AND  1.3MM  BANDS  SIS  RECEIVER  FOR  THE  IRAM 
INTERFEROMETER  <  M.Carter,  J.Blondel,  A.Karpov,  F,  Mattlocco  and  B.Lazareff, 
IRAM,  Institut  de  Radio  Astronomy  Milllmetrique,  St.Maitln  d'Heres,  France. 

Tu6.3  AND  270  GHZ  SIS  RECEIVERS  DEVELOPMENT  FOR  ATMOSPHERIC 
OBSERVATION » S.Ochial  and  H.Masuko,  Communs.  Res.  Lab.,  Tokyo  184,  Japan. 

Tu6.4  PREPARATION  AND  MICROWAVE  MEASUREMENTS  OF  STACKED 
Nb/(A1/A10x/Nb)n  SUPERCONDUCTING  TUNNEL  STRUCTURES  -  I.P.Nevlrkovets 
and  L.P.  Stiizhko'*,  Department  of  Materials  Science  and  Metallurgy,  University  of 
Cambridge,  Pembroke  St,  Cambridge  CB2  3QZ,  UK:  ^Institute  for  Radio  Astronomy  of 
the  Ukrainian  Academy  of  Sciences.  Krasnoznamennaia  str.,  4, 310002  Kharkov,  Ukraine. 

Tu6.S  PERFORMANCE  OF  AN  SIS  RECEIVER  OVER  460  OHZ  TO  640  GHZ  USING 
SUBMICRON  Nb  JUNCTIONS  WITH  INTEGRATED  RF  TUNING  CIRCUITS  • 

P. Febvrc*,  W.R. McGrath,  P.Batelaan,  H.O.LeDuc,  B.  Bumble,  M.A.Frerking  and 
J.Hernichel**',  Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena, 
CA  91109,  USA;  ^Permanent  address;  DEMIRM-Observatolre  de  Meudon,  9219S 
Maudon  Cedex,  France;  **Permanent  address;  UniversitUt  Kdln,  5000  K61n  41,  Germany. 

Tu6.6  HIGH  QUALITY  NbN-BASED  JUNCTIONS  FOR  500  OHZ  WAVEGUIDE  MIXERS  • 
M.G.Blamire,  Z.H.Barber,  H.  van  de  Stadt*,  J.J.  Wezelman*'  and  S.  Wlthlngton**, 
Department  of  Materials  Science,  University  of  Cambridge,  Pembroke  St.,  Cambridge, 
CB2  3QZ,  UK;  '*'SRON,  Laboratory  for  Space  Research  Groningen,  P.B.  Box  80C>,  9700 
AV  Groningen,  The  Netherlands;  ''"''Cavendish  Laboratory,  University  of  Cambridge, 
Madlngley  Road,  Cambridge,  CB3  OHE,  UK. 

Tu6.7  QUASI-OPTICAL  0.5  THZ  SIS  RECEIVER  WITH  TWIN  JUNCTION  TUNING 
CIRCUIT  -  S.W.Jacob88ont,  V.Yu  Belitskytt,  L.V.  Fillppenkott,  S.A.  Kovtoi\Juktt,  V.P. 
Koshelcts^t  and  E.L.Kollbergt,  tDepartment  of  Microwave  Technology,  Chalmers 
University  of  Technology,  S'412  96,  Gbteborg,  Sweden;  ^tinstltute  of  Radio  Engineering 
and  Electronics,  Russian  Academy  of  Sciences,  Mokhovaia  11, 103907  Moscow.  Russia. 

Tu6.8  FREQUENCY  MEASUREMENT  OF  SUB-MILLIMETRE  WAVELENGTH  LASER 
LINES  USING  JOSEPHSON  JUNCTIONS  -  M.C.Wicks  and  J.R.Blrch,  Division  of 
Electrical  Science.  National  Physical  Laboratory.  Middlesex,  TWl  1  OLW,  UK. 

Tu6.9  MILLIMETRE  WAVE  MIXING  WITH  YBCO  JOSEPHSON  JUNCTIONS  ON 
BICRYSTAL  SUBSTRATES  -  P.O.Qulncey  and  M.C.Wicks,  Division  of  Electrical 
_ Science.  National  Physical  Laboratory.  Middlesex,  TWl  1  OLW,  UK. _ _ _ 
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Tu6.10  METHODS  OF  FREQUENCY  MEASUREMENTS  OF  MICROWAVE  SIGNALS  OF 
MM-  AND  SUBMM-  WAVE  BANDS  WITH  THE  USE  OF  AS  JOSEPHSON  EFFECT  - 
S.E.Anischenko,  S.Y, Larkin  and  P.V.Khabayev,  State  Research  Center  "Fonon",  37 

_ Pobedy  Ave.,  KPI-3240.  Kiev,  252056.  Ukraine. _ 

Tu6.1l  FOR  QUESTION  OF  SUPERCONDUCTIVE  WIDE  BAND  FREQUENCY  METER 
DESIGNING:  MAIN  METHODICS  AND  PROBLEMS  •  G.A.Marusly,  V.G.Gurovich, 
O.A.Zatona  and  N.V.Pilinsky,  State  Research  Center  of  Superconductive  Radioelectronics, 
Ave.  SO  Years  of  October.  2b.  2S2680  Kiev,  Ukraine. 

Tu6.12  SIS-MIXER  DEVELOPMENT  AT  SRON  •  J.  Mees>,  0.  de  Lange••^  A.  Skalare*>o.  C.B. 
Honingh*'<l,  M.M.T.M.  Dlerichs*,  H.  Kuiper8“'*>,  R.A.  Panhuyaen*.  H.  van  de  Stadt*,  Th.  de 
Graauw*  and  T.M.  Klapwijk^,  *SpBce  Research  Organisation  Netherlands  (SRON), 
Postbox  800.  9700  AV  Groningen,  The  Netherlands;  ^Dept.  of  Applied  Physics  and 
Materials  Science  Center,  University  of  Groningen,  N^enborgh  4,  9747  AO  Groningen, 
The  Netherlands;  ^Now  at;  Jet  Propulsion  Laboratory,  California  Institute  of  Technology, 
CA  91 109,  USA;  4now  at:  UniversitHt  xu  KbIn,  1  Physlkallsches  Instltut,  ZUIplcherstr. 
_ 77.  3000  Kdln  41.  Germany. _ _ 
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Tu7.1  NETWORK  ANALYSIS  OF  THE  DISPERSION  CHARACTERISTICS  FOR  THE  GROOVE 
GUIDE  WITH  ARBITRARY  CURVED  SHAPES  -  Xu  Shatviia  and  Zhang  Yaojiang, 
_ Unlveraity  of  Science  and  Technology  of  China.  Hefei.  Anhui.  230027,  P.R.  China. _ 


Tu7.2  PHASE  AND  ATTENUATION  COEFFICIENTS  IN  BI-DIELECTRIC  ECCENTRIC 
CIRCULAR  TRANSMISSION  LINES  -  Li- Yang  Zhang,  Pin  Wang.  Yong-Chang  Jiao  and 
Chang-Hong  Liang,  Dept,  of  Electromagnetic  Engineering,  Xldian  Unlveraity,  Shaanxi  710071, 

P.R,  China. _ 

Tu7.3  THE  CHARACTERISTICS  OF  THE  CLOSED  CIRCULAR  GROOVE  GUIDE  -  Jun  Qian. 
Yang  Hong-Sheng  and  Lu  Zhong-Zuo,  Department  of  Electronic  Engineering,  National  Key 
Laboratory  of  Millimeter  Waves,  Southeast  Unlveraity,  Nanjing,  210018,  P.R,  China. 

Tu7.4  THE  HIGHER  ORDER  MODES  IN  CIRCULAR  GROOVE  GUIDE  -  Ma  JIanglei,  Yang 
Hong-Sheng  and  Lu  Zhong-Zuo,  National  Key  Lab.  of  Millimeter  Waves,  Southeast  University, 

_ Naniina.  210018.  P.R.  China. _ 

Tu7.5  A  TRANSITION  FROM  RECTANGULAR  WAVEGUIDE  TO  CIRCULAR  GROOVE 
GUIDE  •  Yang  Hong-Sheng,  Shen  Zheng-Kun  and  Xu  Zheng-Rong,  National  Key  Lab.  of 
Millimeter  Waves.  Southeast  University.  Naniing,  210018,  P.R.  China. 

Tu7.6  AN  ANALYSIS  OF  A  KIND  OF  DIELECTRIC  WAVEGUIDE  -  Hong  Wu  and  Jun  Qian. 
Southeast  University,  Nanjing.  210018,  P.R.  China. 

Tu7.7  TRANSITIONS  FOR  THE  QUASI-OPTICAL  WAVEGUIDES  •  V.K.Kiselyev  and 
T.M.Kushta.  Inst.  Radiophysics  and  Electronics.  Kharkov.  Ukraine. 

Tu7.8  FREQUENCY  DEPENDENT  CHARACTERISTICS  OF  THICK  MICROSTRIP  LINES  IN 
LOSSY  MULTILAYERED  DIELECTRIC  MEDIA  ■  J.R. Souza,  Center  for 
Telecommunications  Studies  •  CETUC,  Pontifical  Catholic  University  of  Rio  de  Janeiro  - 
PUC/Rio.  Rua  MarquSs  de  SBo  Vicente.  223, 22453  Rio  de  Janeiro  -  RJ,  Brazil, 

Tu7.9  REJECTION  FILTER  -  S.A.  Pogarsky  and  I.I.  Saprykln,  Microwave  Physics  Department,  State 
_ University,  Sq.  Svobody,  4,  310077,  Kharkov,  Ukraine. _ 
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Tuesday  PM  SPECTROSCOPY  -  IV  September? 


Tu8.1  OPTICAL  CHARACTERISATION  OF  THIN  FILMS  USING  SURFACE  POLARITONS 
AND  SURFACE  ELECTROMAGNETIC  WAVE  MEASUREMENTS  {Invited  Keynote)  • 
EV.AIleva,  L.A.Kuzik.  V.A, Yakovlev  and  G.N.Zhizhin«  Institute  of  Spectroscopy,  Academy  of 
_ Sciences  of  Russia.  Troltzk,  Moscow  reg.  142092,  Russia. 

Tu8.2  INFRARED  SURFACE  WAVE  HETERODYNING  ON  METALS  AND 
SEMICONDUCTORS  •  V.  Valcikauskas,  R.Petruskevlcius,  R.AntanavIclus  and 
R.Januskevlclus,  Institute  of  Physics.  A,  Gostauto  12, 2000  Vilnius,  Lithuania. 

Tu8.3  SURFACE  ELECTROMAGNETIC  WAVE  PROPAGATION  ON  NaClOa  AND  KTP 
CRYSTALS  •  E.V.Alleva,  L.A.Kuzik  and  VA. Yakovlev,  Institute  of  Spectroscopy,  Academy 
of  Science  of  Russia,  Troltzk,  Moscow  reg.  142092,  Russia. 

Tu8.4  INTERFEROMETRIC  MEASUREMENTS  OF  PHASE  SHIFT  IN  THE  IR  REFLECTION- 
ABSORPTION  SPECTROSCOPY  -  L.A.Kuzik,  A.B.Sushkov,  V.A.Yakovlev  and 
G.N.Zhlzhtn,  Institute  of  Spectroscopy,  Academy  of  Sciences  of  Russia,  Troltzk,  Moscow  reg. 

_ 142092,  Russia. _ 

Tu8.5  SPECTROSCOPY  OF  CONFINED  LO  PHONONS  IN  SUPERLATTICBS:  A  PROBE  FOR 
STUDY  OF  INTERFACIAL  DISORDER  •  M.I.Vasilevskiy,  Faculty  of  Applied  Physics  and 
Microelectronics,  Nizhni  Novgorod  State  University,  37  Sverdlova  str.,  Nizhni  Novgorod 
603000,  Russia. 

Tu8.6  FAR  INFRARED  SPECTROSCOPY  OF  PHONONS  IN  OalnAs/InP  SUPERLATTICES  - 
T.S. Sethi*,  J.P.  Bryant^,  A.A.  Hamilton^,  T.  Dumelow^,  W.F.  Sherman*  and  T.J.  Parker*; 

*  Department  of  Physics,  King's  College  London,  Strand,  London  WC2R  2LS,  UK; 
^Department  of  Physics.  University  of  Essex,  Wivenhoe  Park,  Colchester  C04  3SQ.  UK. 

Tu8.7  QUANTUM  SIZE  OSCILLATIONS  IN  OPTICAL  AND  ELECTRICAL  PROPERTIES  OF 
SUPERTHIN  Nb  AND  Cu  FILMS  •  L.A.Kuzik,  Y.E.Petrov,  V.A.Yakovlev,  Institute  of 
Spectroscopy,  Academy  of  Sciences  of  Russia,  Troltzk,  Moscow  reg  142092,  Russia;  F.A. 
Pudonln,  P.N.  Lebedev  Physical  Institute,  Academy  of  Sciences  of  Russia,  Moscow,  Russia. 
Tu8.8  NON-LINEAR  DOPPLER  SHIFT  OF  THE  PLASMON  RESONANCE  IN  A  GRATING- 
COUPLED  DRIFTING  2DEG  -  R.E.Tyson,  R.J.Stuart,  H.P.Hughes.  J.E.F,  Frost,  D.A.Rltchie. 
G.A.C.  Jones  and  C.  Shearwood,  University  of  Cambridge,  Cavendish  Laboratory,  Madingley 

_ Road,  Cambridge  CB3  OHE,  UK. _ 

Tu8.9  OPTICAL  TRANSITIONS  IN  QUANTUM  WIRES  WITH  AN  AXIAL  MAGNETIC  FIELD  - 
M.  Masale,  N.C.  Constantlnou  and  D.R.  Tilley,  Dept  of  Physics,  Univ.  of  Essex,  Colchester 
C04  3SQ.  UK. _ 
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SESSION  W1 


Wednesday  AM _ GYROTRON  ■  I _ September  8 


Wl.l  A  QUASI-OPTICAL  MODE  CONVERTER  FOR  GYROTRONS  OPERATING  IN  HIGH 
ORDER  MODES  -  M.Blank,  K.E.Kreischer  and  R.J.Temkin,  MIT  Plasma  Fusion  Center, 
Cambridge,  MA  01219,  USA;  E.Oiguet,  Thomson  Tubes  Electronlques,  78141,  Vellzy 
Vlllacoublay,  France. 

W1.2  COMPACT  QUASIOPTICAL  TE22.6TO  TEMqo  TEM  CONVERTER  WITH  FEED 
WAVEGUIDE  DEFORMATIONS  •  J.  Pretterebnerl^,  A.  Mbbiuil3,  M.  Thumm34,  A. 
Wien34;  I  Innovative  Microwave  Technology  Ltd.,  Heinrich  Baumannstrasse  49,  W>700U 
Stuttgart  1,  Germany;  ^instltut  fUr  Plasmaforschung,  UnlversltUt  Stuttgart,  Pfaffenwaldring 
31,  W-7000  Stuttgart  80,  Germany;  3Kernfurschungszentrum  Karlsruhe,  Inst.  f. 
Technische  Physik,  P.O.  Box  3640,  W‘7S00,  Karlsruhe,  Germany;  ^institut  fUr 
Hdchstfrequenztechnlk  und  Elektronlk,  Unlversitllt  Karlsruhe,  W*7SOO  Karlsruhe, 
Germany. 

W1.3  A  TRAVELLING-WAVE  RESONATOR  FOR  EXCITING  WHISPERING-GALLERY 
MODES  IN  AN  OVERMODED  CIRCULAR  WAVEGUIDE  -  T.A.Hea.  R.A.Peebles  and 
R.J. Vernon,  Department  of  Electrical  and  Computer  Engineering,  University  of  Wisconsin, 

Madison.  WI 33706,  USA, _ 

W1.4  MODE  COUPLING  IN  OVERMODED,  VARYINO-RADIUS  COAXIAL  GYROTRON 
CAVITIES  -  D.  Wagner,  J.  Pretterebner,  Unlversitiit  Stuttgart,  Institut  fUr  Plasmaforschung, 
70369  Stuttgart,  Germany;  M.Thumm,  Kernforschungszentrum  Karlsruhe,  Institut  fUr 
Technische  Physik  and  Universittit  Karlsruhe,  Institut  fUr  Hdchstfrequenztechnik  und 
Elektronlk,  76021  Karlsruhe.  Germany. 

W1.5  MODELLING  OF  MODE  PURITY  IN  HIGH  POWER  GYROTRONS  •  S.Y.Cai, 

T. M.Antonsen  and  B.Levush.  University  of  Maryland,  College  Park,  MD  20742,  USA. 

W1.6  MODE  PRIMING  AN  83  GHZ  QUASIOPTICAL  GYROKLYSTRON  -  R.P.Flscher, 

A.W.Fliflet,  W.M.Manheimer,  B.Levush'*'  and  T.M.Antonsen,  Jr.'*',  Beam  Physics  Branch, 
Plasma  Physics  Division,  U.S.  Naval  Research  Luboratory,  Washington,  D.C  20373-3000, 
USA;  '*'Laboratory  for  Plasma  Research,  University  of  Maryland,  College  Park,  MD  20742, 

U. S.A. _ 

W1.7  ADVANCED  COMPLEX  CAVITY  FOR  MULTI-MEGAWATT  GYROTRON  ■  K.Xu  and 

M.Thumm'*',  Kernforschungszentrum  Karlsruhe,  Institut  fUr  Technische  Physik,  P.O.  Box 
3640,  D-7S00  Karlsruhe  1,  Germany;  '*'also  Universittit  Karlsruhe,  Institut  fUr 
Hbchstfiequenztechnik  und  Elektronlk,  D-7300  Karlsruhe  1 ,  Gennany. 

WI.8  KW  SIXTH-HARMONIC  GYROPREQUENCY  MULTIPLIER  -  A.J.Balkcum, 
D.B.McDermott,  F.Hartemann  and  N.C.Luhmann  Jr.,  Dept,  of  Electrical  Engineering, 
University  of  California,  Los  Atiaeles,  CA  90024,  USA. 
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W1.9  THEORETICAL  AND  EXPERIMENTAL  INVESTIGATION  OF  X-BAND  TWO- 
CAVITY  GYROKLYSTRON  -  M.Amakov,  M.A.Moiscev,  E.V.Sokolov  and  E.V. 
Zasypkin,  Institute  of  Applied  Physics,  Russian  Academy  of  Sciences,  46  Uljanov  St, 

_ 603600,  Nizhni  Novgorod,  Russia.  _ 

Wl.lO  35-aHZ  RADAR  GYROKLYSTRONS  -  I.I.Antakov,  E.V.Zusypkin,  E.V.Sokolov  and 
V.K.YuIpatov,  Institute  of  Applied  Physics,  Russian  Academy  of  Sciences,  46  Uljanov  St, 
603600,  Nizhni  Novgorod,  Russia;  A.P.Keyer,  V.S.Musatov  and  V.B.  Myasnikov,  R  &  D 
_ Company  "Tory".  1 1739.1,  Moscow,  Russia. _ 


Wednesday  AM  OUASI-OPTICAL  COMPONENTS  •  I  Seotember  8 


W2.1  LOW  PASS  FILTERS  FOR  THE  FAR  INFRARED  -  C.V.  Haynes  and  P.A.R.Ade, 
Department  of  Physics,  Queen  Mary  and  Westfield  College,  Mile  End  Road,  London  El 
4NS,  UK. 


W2.2  REJECTION  OF  FREQUENCY  BANDS  OF  ELECTROMAGNETIC  RADIATION  BY 
QUASI-OPTICAL  BRAGG  STRUCTURES  -  A.A.Vertiy,  S.P.Gavrilov  and 
I.N.Goltvyanskiy,  Institute  of  Radiophysics  and  Electronics,  Academy  of  Sciences  of 
Ukraine,  12  acad.  Proskura  st.,  Kharkov  310085,  Ukraine. 

W2.3  PERFORMANCE  OF  A  HIGH  Tc  SUPERCONDUCTING  ULTRA-LOSS  MICROWAVE 
MICROSTRIP  FILTER  -  O.D.Pustylnik,  A.A.Dymnikov,  I.V.Voinovsky  and 
O.A.Khimenko,  SRC  "Fonon",  39  Pobedy  Av.,  KPI-3240,  Kiev,  Ukraine;  V.F.  Vratskikh, 

_ Institute  for  Thermophysics,  Kutateladze  1,  Novosibirsk  630090,  Russia. 

W2.4  FREQUENCY  SELECTIVE  SURFACES  FOR  MILLIMETRE  AND  SUBMILLIMETRE- 
WAVE  QUASI-OPTICAL  DEMULTIPLEXING  -  J.W.Bowen,  Department  of  Physics, 
Queen  Mary  and  Westfield  College,  Mile  End  Road,  London  El  4NS,  UK;  R.Cahill, 
Systems  and  Payloads  Department,  British  Aerospace  Space  Systems  Ltd.,  FPC  320,  PO 
Box  5,  Filton,  Bristol  BS12  7QW,  UK,  and  EA.Parkcr,  Electronic  Engineering  Labs,  The 
_ University  of  Kent,  Canterbury,  Kent  CT2  7NT,  UK. 

W2,5  RUGGED  FAR  INFRARED  BANDPASS  FILTERS  ■  P.G.Huggard,  M.Meyringer,  A. 

Schilz  and  W.Prettl,  Institut  fUr  Angewandte  Physik,  Universittlt  Regensburg,  93040 
_ Regensburg,  Germany. _ 

W2.6  QUASI-OPTICAL  NARROW-BAND  NOTCH  FILTERS  -  G.G.Dcnisov,  S.V.  Kuzikov 
and  M.Yu.Shmelyov.  Institute  of  Applied  Physics,  Russian  Academy  of  Science,  46 

_ Ulyanov  Street,  603600  Nizhny  Novgorod,  Russia. _ 

W2.7  DESIGN  OF  RIDGED  WAVEGUIDE  E-PLANE  BANDPASS  FILTERS  IN 
MILLIMETER  WAVE  APPLICATIONS  -  D.Budimir,  V.Postoyalko  and  J.R.Richardson., 
Microwave  and  Terahertz  Technology  Group,  Dept,  of  Electronic  and  Electrical 

_ Engineering,  University  of  Leeds,  Leeds  LS2  9JT,  UK. _ 

W2.8  FILTERS  AND  WAVEFRONT  DIVIDING  BEAMSPLITTERS  FOR  THE  NEAR  AND 
MID  INFRARED  PRODUCED  BY  MICROMACHINING  TECHNIQUES  ■  J.Warren, 
National  Synchrotron  Light  Source,  Brookhaven  National  Laboratory,  Upton,  NY  11973, 
USA;  J.B.Heaney,  NASA  Goddard  Space  Flight  Center,  Greenbelt,  Maryland  20771,  USA, 
and  K.D.Mttller,  Department  of  Physics,  New  Jersey  Institute  of  Technology,  Newark,  NJ 
_ 07102,  USA. 
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W2.  9  APPLICATION  OF  HTSC-THIN  FILMS  IN  MICROWAVE  BANDPASS  FILTERS  - 
A.R.Jha,  Technical  Director  JHA  Technical  Consulting  Services,  Cerritos,  CA  907U1, 

_ USAj _ 

WHO  STEERABLE  SCATTERING  DIAGRAM  OF  A  FINITE  SET  OF  MAGNETIZED 
FERRITE  CYLINDERS  -  V.Kalesinskas,  V.  Shugurov,  N.Mllevsky  and  A.Puzakov, 
Physics  Dept.,  Vilnius  University.  Universiteto  3,  Vilnius,  Lithuania. 
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SESSION  W3 


Wednesday  AM 


WAVEGUIDE  -  II 


September  8 


W3.1 

A  NOVEL  TYPE  OF  WAVEQUIDE-TO-CXJPLANAR  WAVEGUIDE  ADAPTER  -  Gong  Ke 
and  Wang  Ji.  Department  of  Electronic  Engineering,  Tsinghua  University,  Bering  100084,  P.R, 
China. 

W3.2 

SIMULTANEOUS  CONSIDERATION  OF  CONDUCTOR  THICKNESS  AND 
SEMICONDUCTOR  SUBSTRATE  IN  FIN-LINES  -  H.C.C.Fernandes,  E.A.M.de  Souza, 
A.C.R.de  Brito  and  E.D.Barbosa.  Federal  University  of  Rio  Grande  do  Norte,  P.O.Box,  1383, 
Natal,  Brazil. 

W3.3 

CHARACTERISTICS  OF  MICROSTRIP  LINES  WITH  FINITE  METALLIZATION 
THICKNESS  AND  TURNING-UP  EDGE  FOR  HIGH  POWER  TRANSMISSION  -  Ao  Sheng 
Rong  and  Zhong  Liang  Sun.  State  Key  Lab.  of  Millimeter  Waves,  Southeast  University, 
Nanilns  210018,  PRC. 

W3.4 

SPECTRUM  DYNAMICS  OF  NON-RADIATING  MODES  OF  SEMI-OPEN 

TRANSMISSION  LINES  BASED  ON  PLANAR  WAVEGUIDE  JOINTS  -  A.O.Yushchenko 
and  S.P.Shlbalkin,  Microwave  Devices  Lab.  of  Kharkov  State  University,  Freedom  Square  4, 
Kharkov  310077,  Ukraine. 

W3.5 

TRANSVAR  DIRECTIONAL  COUPLER  FOR  MILLIMETER-WAVE  APPLICATIONS  - 
Yonghui  Shu,  Epsilon  Lambda  Electronics  Corporation,  427  Stevens  Street,  Geneva,  IL  60134, 
USA. 

W3.6 

GHZ  MICROSTRIP  LINE  SP4T  PIN  DIODE  SWITCH  -  Yonghui  Shu,  Epsilon  Lambda 
Electronics  Corporation,  427  Stevens  Street,  Geneva.  IL  60174,  USA. 

W3.7 

MODAL  ANALYSIS  OF  MICROSTRIP  AND  FINLINE  STEP  DISCONTINUITIES  FOR 

MICROWAVE  AND  MILLIMETER- WAVE  INTEGRATED-CIRCUITS  APPLICATIONS  - 
C.  Nguyen  and  K.M.  Rahman,  Department  of  Electrical  Engineering,  Texas  A&M  University, 
College  Station.  Texas  77843-3128,  U.S.A. 

W3.8 

RECENT  DEVELOPMENT  OF  MICROSTRIP  BAND-PASS  FILTERS  FOR  MICROWAVE 
AND  MILLIMETER-WAVE  INTEGRATED  CIRCUITS  -  C.  Nguyen,  Department  of 
Electrical  Enslneerinn,  Texas  A&M  University,  College  Station,  Texas  77843-3128,  U.S.A. 

XLllI 


Wednesday  AM  BIOLOGICAL  EFFECTS  Septembers 


W4.1  MILLIMETRE  WAVES  AND  QUANTUM  MEDICINES  (Invited  Keynote)  -  P.Slt'ko, 
Scientific  Research  Center  on  Physics  of  the  Alive  and  Microwave  Resonance  Therapy. 
Kiev.  252033.  Ukraine. _ 


W4.2  INFRARED  SPECTRA  OF  URINE  FROM  CANCEROUS  BLADDERS  •  M.A.Moharram, 
A.Higazi*'  and  A.A.Moharram,*  Spectroscopy  Department.  Physics  Division,  National 

_ Research  Centre.  Cairo.  Egypt.  *Faculty  of  Medicine.  Cairo  University. 

W4.3  DRO-AUTODYNE  SPECTROMETER  FOR  INVESIIOATION  OF  INTERACTION  OF 
MILLIMETER  ELECTROMAGNETIC  WAVES  WITH  BIOLOGICAL  OBJECTS  - 
G.P.Ermak  and  Ye.B.Senkevich,  Inst,  of  Radiophysics  and  Electronics  of  the  Ukrainian 
Academy  of  Sciences.  12  Ac.  Proskura  st.,  Kharkov.  310083,  Ukraine. 

W4.4  INFRARED  SPECTROSCOPY  DETECTION  OF  MILLIMETRE- WAVE  EFFECT  UPON 
BIOMOLECULES  •  O.S.Litvinov,  L.I.  Berezhinsky,  O.I.  Dovbeshko.  M.P.  Lisitsa  and  L.I. 
Matseiko,  Scientific  Research  Center  "Vidhuk",  Volodymyrska  61-b,  Kiev  252033, 

Ukraine.  _ 

W4.5  TREATMENT  OF  CARDIOVASCULAR  DISEASES  BY  MEANS  OF  WIDE-BAND 
COHERENT  SIGNAL  OF  MM  RADIO  WAVE  RANGE  -  V.D.Yeremka,  A.A.Kuznetsov, 
V.V.Smorodln,  A.I.Flsun,  A.M.Fursov,  L.P.Himenko  and  P.L.Himenko,  Inst,  of 
Radiophysics  and  Electronics  of  Ukrainian  Academy  of  Sciences.  12,  Acad.  Proskura  st., 

Kharkov  310085,  Ukraine. _ 

W4.6  REARRANGEMENTS  IN  POLARISED  VIBRATIONAL  SPECTRA  OF  GLYCINE- 
CONTAINING  CRYSTALS  UNDER  MILLIMETER  WAVE  ACTION  -  G.I.Dovbeshko, 
L.I.Berezhinsky,  O.S.Litvinov  and  V.V.O>'  khovsky,  ScientiHc  Research  Centre  on  Physics 
of  the  Alive  and  Microwave  Resonance  Therapy.  Kiev,  Ukraine. 

W4.7  THE  COMBINED  EFFECT  OF  HIGH  TEMPERATURE  AND  MICROWAVE  FIELDS 
ON  WINTER  WHEAT  SEEDS  •  V.O.Shakhbazov,  A.A.  Shmatko  and  AI.  A.Shmatiko. 
Kharkov  State  University,  Department  of  Genetics  and  Cytology,  4  Nezavisimosti  Square, 
Kharkov,  Ukraine. 

W4.8  PECULIARITIES  OF  THE  FAR  INFRARED  SPECTRA  OF  AMINOACIDS, 
BIOPOLYMERS  AND  CELLS  -  O.S.Litvinov  and  G.I.Dovbeshko,  Scientific  Research 
Center  ’’Vidhuk",  Volodymyrska  61-b,  Kiev,  252033  Ukraine. 

W4.9  THE  INFLUENCE  OF  MICROWAVE  FIELDS  ON  ELECTROKINETIC  PROPERTIES 
OF  CELLULAR  NUCLEI  OF  HUMAN  BUCCAL  EPITHELIUM  -  V.O.Shakhbazov  and 
Al.A.Shmatiko,  Kharkov  State  University,  Department  of  Genetics  and  Cytology,  4 
_ Nezavisimosti  Square.  Kharkov,  Ukraine. _ 
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SESSION  W  5 


Wednesday  PM _ GYROTRON .  II _ September  8 


W5.1  OPTIMUM  OPERATION  OF  GYROTWISTRONS  -  P.E.Latham  and  G.S.Nuslnovlch. 
University  of  Maryland,  College  Park,  MD,  USA. 

W5.2  UNIVERSALLY  SCALED  EQUATIONS  FOR  GYROTRON  AND  CARM  AMPLIFIERS 
•  B.WJ.McNeil,  G.R.M.Robb  and  A.D.R.Phelps,  Dept,  of  Physics  and  Applied  Physics, 
University  of  Strathclyde.  Glasgow,  04  PNG,  UK. 

WSJ  EXPERIMENTS  OF  3RD  AND  lOTH  CYCLOTRON  HARMONIC  PENIOTRON 
OSCILLATORS  •  K.Yckoo,  T.Ishlhara,  H.  Tadano,  K.Sagae,  H.Shlmawaki,  N.Sato  and 
S.Ono,  Research  Institute  of  Electrical  Communication,  Tohoku  University,  Sendai  980, 
Japan. 

W5.4  RELATIVISTIC  PENIOMAGNETRON  OF  MM  AND  SUB  MM  RADIO  WAVE  RANGE 

-  V.D.Yeremka,  V.A.Zhurakhovskly  and  L.P.Mospan,  Institute  of  Radiophysics  and 
Electronics  of  Ukrainian  Academy  of  Sciences,  12,  Acad.  Proskura  at.,  Kharkov,  310083, 
Ukraine. 

W5.5  TWO-STAGE  35  GHZ  OYRO-PENIOTRON  AMPLIFIER  EXPERIMENT  •  O.S.Park*, 
C.M.Armstrong,  A.K.OanguIy,  R.H.Kyserl  and  J.L.  Hlrshfleld^  Naval  Research 
Laboratory,  Code  6840,  Washington,  DC  20375,  USA;  lOmega-P,  Inc.,  New  Haven,  CT 
06520;  IB-K  Systems.  Inc.,  Rockville.  MD  30850. _ 

WS.6  EXPERIMENTAL  STUDY  OF  A  RELATIVISTIC  PENIOTRON  -  S.Musyoki, 
K.Sakamoto,  A.Watanabe  and  M.  Shiho,  Japan  Atomic  Energy  Research  Institute,  Naka 
Fusion  Research  Establishment,  Naka-machi,  Naka-gun,  Ibaraki  311-01,  Japan;  K.Yokoo, 
N.Sato  and  S.  Ono,  Research  In.stitute  of  Electrical  Communication,  Tohoku  University, 
Sendai  980,  Japan;  S.Kswasaki  and  M.Takahashi,  Faculty  of  Science,  Saitama  University, 
253  Shimookubo,  Urawa-shi,  Saitama-ken  388,  Japan;  H.Ishizuka,  Fukuoka  Institute  of 
Technology.  Higashi-ku,  Fukuoka,  Japan. 

W5.7  PENIOMAGNETRON  WITH  QUASIOPTICAL  TWO-MIRRORS  RESONATOR  - 
V.D.Yeremka,  Institute  of  Radiophysics  and  Electronics  of  Ukrainian  Academy  of  Sciences, 

_ 12,  Acad.  Proskur  st.,  Kharkov.  310085,  Ukraine 

W5.8  THEORY  OF  REFLECTION-TYPE  GYRO-TWT  AND  GYRO-BWO  -  A.P.  Chetverikov, 
Saratov  University,  Physical  Department,  Astrahanskaya,  83,  Saratov  410071,  Russia. 

W5.9  COMPARATIVE  ANALYSIS  OF  OSCILLATIONS  IN  BACKWARD  WAVE 
OSCILLATORS  •  A.P.  Chetverikov,  Saratov  University,  Physical  Department, 
Astrahanskaya,  83,  Saratov  410071,  Russia. 
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W6.1  INFRARED  POLARIZERS  MADE  OF  ANODIC  ALUMINA  FILMS  •  M.Saito,  T.Kano, 
T.Seki  and  M.Mtyagl,  Tohoku  Univenlty,  Department  of  Electrical  Communicatloni, 
_ Sendai  980,  Japan. _ 


W6.2  REFLECTION  TYPE  ISOLATOR  FOR  SUBMILLIMETER  WAVES  •  V.K.Kononenko 
and  E.M.Kuleihov,  Inat.  of  Radiophyslca  and  Electronics,  Academy  of  Sciences  of 
Ukraine.  12  Acad.  Proscura  st..  Kharkov.  310085,  Ukraine. 

W<.3  HIOH  PERFORMANCE  QUASI-OPTICAL  FARADAY  ROTATORS  -  O.M.Smitht, 

M.Webb*  and  J.C.Q.Lesurfl^,  ^University  of  St. Andrews,  Dept,  of  Physics  and  Astronomy, 

Fife,  KYI 6  9SS.  UK,  ♦DSTO,  SRL,  Salisbury.  Australia,  formerly  at  St.  Andrews. 

W6.4  MODULATION  CHARACTERISTICS  OF  INJECTION  HETEROLASERS 
COMPRISINO  CHARGE  CARRIERS  HEATED  BY  EXTERNAL  MW  ELECTRIC 
FIELD  IN  VIEW  OF  ELECTRON-ELECTRON  AND  ELECTRON-HOLE 
INTERACTIONS  AS  WELL  AS  HIGHER  FIELD  TRANSPORT  •  T.Yu.Bagaeva, 

I. I.Filatov,  V.B.Gorfinkel,  S.A.  Gurevich*  and  T.I.Solodkaya,  Saratov  Branch  of  IRE 
Russian  Academy  of  Science.  410019  Saratov,  Russia,  *A.F.  Ioffe  Institute  of  Russian 

Academy  of  Science.  St.  Petersburg.  Russia.  ' 

W6.5  ABOUT  USE  OF  THE  INDUCED  ANTIFERROMAONBTIC  ORDERING  EFFECT  IN 
SHF  DEVICES  •  V.N.Polupanov,  V.K.Kiselev  and  V.N.Selexnev*,  Inst,  of  Radiophysics 
and  Electronics,  Academy  of  Sciences  of  Ukraine,  12,  Acad.  Proscura  st.,  Kharkov  310085, 

Ukraine.  *State  University  of  Simferopol',  4,  Yaltinskaya  st.,  Simferopol',  333036,  Krimea, 

Ukraine. 

W6.6  TRANSVERSE  RESONANCES  IN  OVERSIZED  WAVEGUIDES  -  D.Wagner, 

J. Pretterebner,  Unlversltilt  Stuttgart,  Instltut  fUr  Plasmaforschung,  70569  Stuttgart, 

Germany:  M.  Thumm,  Kernforschungszentrum  Karlsruhe,  Institut  fUr  Technische  Physik 
and  Unlversltilt  Karlsruhe,  Institut  ftlr  Hbchstfrequenztechnik  und  Elektronlk,  76021 

_ Karlsruhe,  Germany. 
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W7.1 

WAVEFRONT  DIVIDING  RING-INTERFEROMETERS  FOR  THE  FAR  INFRARED  • 

K.D.MOlIer,  K.Chln  and  C.  Qiu,  Department  of  Physics,  New  Jersey  Institute  of  Technology, 

Newark,  NJ  07102,  USA,  P.Bruelemans  and  P.Janssen,  Dept,  of  Physics,  Katholieke 
Universiteit,  Leuven.  Beliiiuni. 

W7.2 

HIGH  RESOLUTION  FAR  INFRARED  FOURIER  SPECTROMETER  USING  A 
BUFFERED  ADC  -  A.K.Wan  Abdullah,  M.Roslan  and  W.A.Kamil*,  School  of  Physics. 

'School  of  Chemical  Sciences.  Universiti  Sains  Malaysia,  1 1800  Penang.  Malaysia. 

W7.3 

A  HIGH  RESOLUTION,  HIGH  SPEED  DATA  ACQUISITION  SYSTEM  BASED  ON  AN 

IBM-PC  486.  FOR  CONTROL  OF  A  FOURIER  TRANSFORM  SPECTROMETER  - 
Z.B.Maricic'^,  L.P.ElIison*^,  B.Gowland*  and  G.A.Gledhlll,'^  '*‘Dept.  of  Physics,  ^Computer 

Centre.  Royal  Holloway.  University  of  London,  Egham  Hill,  Egham,  Surrey,  TW20  OBX.  UK. 

W7.4 

CHARACTERIZATION  OP  CH-PLASMAS  WITH  CSR  BASED  MICROWAVE 
SPECTROMETERS  -  F.Wolf,  F.Neubert,  T.Hessel  and  V.L.Vaks,  Analytlk  &  Meptechnik 

GmbH  Chemnitz.  Stollberger  Str,  4a.  D-091 19  Chemnitz.  Germany. 

W7.5 

A  Nb  OPEN  RESONATOR  FOR  MILLIMETER  WAVE  SURFACE  RESISTANCE 
MEASUREMENTS  OF  SUPERCONDUCTIVE  THIN  FILMS  •  B.Komlyami  and 
H.Shimakage,  Communications  Research  Laboratory.  Iwaoka  Kobe  674.  Japan. 

W7.6 

A  NEW  METHOD  FOR  COMPLEX  SPECTRAL  MEASUREMENTS  IN  MILLIMETER 

AND  SUBMILLIMEIER  FREQUENCY  RANGE  -  A.B.Latyshev,  D.A.Loukianov  and 
A.V.Semenov,  General  Physics  Institute,  Russian  Academy  of  Science,  38  Vavilov  St,  117942 

Moscow,  Russia. 

W7.7 

HIGH  MICROWAVE  PULSE  POWER  MEASUREMENT  IN  A  FREE  SPACE  -  M.Dagys, 
Z.Kancleris,  R.Simniskis,  Semiconductor  Physics  Institute,  Gostauto  11,  Vilnius  2600, 

Lithuania,  and  M.BtIckstrdm,  U.Thibblinn  and  B.Wahlgren,  SAAB  Military  Aircraft,  Llnkoping 

S-581  88.  Sweden. 

1  W7.8 

THE  MILLIMETER  WAVES  POWER  TRANSDUCER  -  K.Repsas,  R.Vaskevicius.  and 
V.Orsevskls,  Semiconductor  Physics  Institute,  2600  Vilnius,  Gostauto  11.  Lithuania. 

W7.9 

FOURIER  TRANSFORM  INFRARED  SPECTROMETER  USING  DELTA-SIOMA 
MODULATION  FOR  HIGH  DYNAMIC-RANGE  SPECTROMETRY  -  K.  Mlnaml  and  S. 

Kawata,  Department  of  Applied  Physics,  Osaka  University,  Suita,  Osaka  S6S.  Japan. 
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Wednesday  PM  POST-DEADLINE  September  8 


W8.1  NEW  FIR  LASER  ASSIGNMENTS  IN  THE  V5,V7,and  vs  EXCITED  STATES  OF 
13CD3OH  METHANOL  -  Ll-Hong  Xu  and  R.M.  Lees,  CEMAID  and  Physics  Department. 
_ University  of  New  Brunswick.  Fredericton.  N.B..  Canada  E3B  3A3.  _ 


W8.2  ASSIGNMENT  OF  THE  FIR  AND  IR  ABSORPTION  SPECTRA  OP  THE  METHANOL 
ISOTOPIC  SPECIES  •  G.  Moruzzil.  F.  Strumia>,  R  M.  Lees2.  Li-Hong  Xu2,  B.P. 
Winnewisser3,  M.  Winnewisser^  and  I.  Mukhopadhyay^;  ^Dipartimento  di  Fisica 
dell'Universitii  di  Pisa.  Piazza  Torricelli  2.  1-56126  Pisa;  ^Department  of  Physics. 
University  of  New  Brunswick  Fredericton.  New  Brunswick,  Canada  E3B  SA3; 
^Physikalish-Chemlsches  Instltut  der  Justus-Llebig  -  Unlversittlt  Giessen,  Heinrich-Buff- 
Ring  58,  D-W63(X)  Giessen;  ^Government  of  India,  Department  of  Atomic  Energy,  Centre 
for  Advanced  Technology.  Indore  452013,  India. 

W8.3  INJECTION  SEEDING  OF  A  PULSED  FAR  INFRARED  MOLECULAR  GAS  LASER  - 
H.P.M.  Pellemans,  J.  Burghoorn*,  T.O.  Klaassen  and  W.  Th.  Wenckebach,  Fnculty  of 
Applied  Physics,  Delft  University  of  Technology,  The  Netherlands:  ^currently  with  the 
_ Max-Planck-Instltut  fUr  festkbrperforschung.  Hochfeld-Magnetlabor,  Grenoble.  Ffance. 
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Thursday  AM  GYROTRON  •  III  September  9 


Thl.l  COMPARATIVE  STUDY  OF  GYROTRONS  BASED  ON  THERMIONIC  AND  COLD 
CATHODES  -  A.W.Cross,  S.N, Spark,  K.  Ronald,  A.D.R.Phelps  and  W.  He,  Dept,  of 
_ Physics  and  Applied  Physics.  University  of  Strathclyde.  Glasgow  04  ONO,  UK. 


Thl.2  RESULTS  OF  EXPERIMENTS  ON  PARAMETERS  OF  ELECTRON  GUNS  FOR 
GYROTRONS  •  B.Piosczyk.  Kemforschungszentrum,  Karlsruhe,  ITP,  Postfach  3640,  D- 
7500,  Karlnihe  1.  Oennany. 

Thl .3  VACUUM  MICROELECTRONIC  ARRAY  GYROTRON  CATHODE  EXPERIMENTS  • 
M.Garven,  S.N.Spark  and  A.D.R.Phelps  and  N,  Cade***,  Dept,  of  Physics  and  Applied 
Physics,  University  of  Strathclyde,  Glasgow  G4,  ONG,  UK;  *GEC-Marconl  Ltd.,  Hirst 
Research  Centre,  East  Lane,  Wembley,  Middx.,  HA9  7PP,  U.K. 

Thl.4  HIGH  SPEED  DIAGNOSTIC  STUDY  OF  PULSED,  COLD  CATHODE,  GYROTRONS  - 
K.Ronald,  S.N.Spark,  A.D.R.Phelps  and  W.  He,  Dept,  of  Physics  and  Applied  Physics, 
University  of  Strathclyde,  Glasgow,  04  ONO,  U.K. 

Thl.5  NON-ADIABATIC  ELECTRON  GUNS  FOR  GYROTRONS  •  J.J.Barroso,  I.P.Spassovsky 
and  C.Stelatti.,  Institute  Nacional  de  Pesquisas  Espaclais,  12201*970,  Sfio  Josd  dos  Campos, 
SP  ■  Brazil. 

Thl.6  DIOCOTRON  INSTABILITY  IN  THE  DRIFT  TUBE  OF  A  GYROTRON  •  R.Schuldt, 
Nuclear  Research  Center  Karlsruhe.  HDI,  W  7300,  Karlsruhe  1,  Germany. 

Thl.7  ELECTROSTATIC  EFFECTS  ON  THE  QUALITY  OF  GYROTRON  BEAMS  - 
J.LVomvoridis,  K.Hlzanidis,  I.Tigelis*  and  D.I.  Frantzeskakls*,  Dept  of  Electrical  and 
Computer  Engineering,  National  Technical  University  of  Athens,  Greece;  "'Department  of 

_ Physics.  University  of  Athens.  Greece. 

Thl.8  HZ  PRF  CARM  EXPERIMENT  *  S.J.Cooke,  S.N.Spark,  W.  He  and  A.D.R.Phelps,  Dept,  of 
Physics  and  Applied  Physics,  University  of  Strathclyde.  Glasgow,  04  ONO,  UK. 

Thl.9  EFFECT  OF  BEAM  GEOMETRIC  DEFORMATION  ON  THE  PROPERTIES  OP  ECRM 
•  Yu  Yongjlan,  University  of  Electronic  Science  and  Technology,  Dept,  of  Electronic 
Engineering,  Chengdu,  P.R.  China. 

Thl.lO  DESIGN  AND  PERFORMANCE  OF  94-OHZ  HIGH  POWER  MULTICAVITY 
OYROKLYSTRON  AMPLIFIER  •  I.LAntakov,  E.V.Zasypkln  and  E.V.Sokolov,  Institute 
of  Applied  Physics,  Russian  Academy  of  Sciences,  46  Uljanov  st.,  Nizhni  Novgorod, 

_ 603600,  Russia.  _ _ 
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Thursday  AM  QUASI-OPTICAL  COMPONENTS  ■  III _  September  9 


Th2.1 

ANALYSIS  OF  A  DIODE  MOUNTING  STRUCTURE  OF  A  SUB-HARMONICALLY 

PUMPED  MILLIMETER-WAVE  MIXER  -  S.D. Vogel,  Institute  of  Applied  Physics, 

Microwave  Department.  University  of  Bern,  CH-3012,  Bern,  Switzerland. 

Th2.2 

TERAHERTZ  METAL  PIPE  WAVEGUIDES  •  A.S.Trcen  and  N.J.  Cronin,  School  of 

Physics,  University  of  Bath,  Claverton  Down,  Bath,  Avon,  BA2  7AY,  U.K. 

Th2.3 

1 

NEW  DEVELOPMENTS  IN  MILLIMETER  WAVE  BEAM  CONTROL  ARRAYS  ■ 

T. Llu,  X-H,  Qln,  F.Wang,  L.SJogren,  C.W.Domler  and  N.C.Luhmann  Jr„  Dept,  of 

Electrical  Engineering,  University  of  California  at  Los  Angeles,,  Los  Angeles,  California, 

U. S.A.  90024-1 S94. 

Th2.4 

DESIGN  OF  A  MILLIMETER  WAVE  QUASI-OPTICAL  OSCILLATOR  -  J.  Dae,  M. 

Akalshi,  Y.Aburakawa  and  K,  Mlzuno,  Research  Institute  of  Electrical  Communication, 

Tohoku  University,  2-1-1  Katahlm,  Aoba-ku.  Sendai  980.  Japan. 

Th2.5 

LEAKY  WAVE  CORRUGATED  DIELECTRIC  ANTENNA  FOR  MILLIMETER  WAVE 
APPLICATIONS  -  S.C.Shrivastava  and  A.K.Tlwarl,  Mauiana  Azad  College  of 

Technoloay.  Bhopal  •  462-007,  India. 

Th2.6 

OPTIMIZATION  OF  COUPLING  BETWEEN  HEn -WAVEGUIDE  MODE  AND 

GAUSSIAN  BEAM  •  T.Graubner,  W.Kasparek  and  H.Kumrlc,  Instltut  fUr 
Plasmaforschung,  Universitiit  Stuttgart,  Pfaffenwaldrlng  31.  D-7000  Stuttgart  80^  Germany 

Th2.7 

SLOTLINE  SURFACE- WAVE  LEAKAGE  AND  SLOT  ANTENNA  PERFORMANCE  • 

C.Letrou  and  V.Popescu.  Institut  National  des  T616communlcations,  91011  Evry,  France. 

Th2.ll 

MICROSTRIP  RESONATOR  USING  HIOH-Tc  SUPERCONDUCTING  THIN  FILM  ON 

SAPPHIRE  SUBSTRATES  ■  O.D.PustyInik,  A.A.Dymnikov,  I.V.Voinovsky  and 
O.A.Khymenko,  SRC  "Fonon",  39  Pobedy  Ave.,  KPI-3240,  Kiev,  Ukraine;  V.F. 

Vratskikii,  Institute  for  Thermophysics.  Kutateladze  1,  Novosibirsk  630090,  Russia. 

Th2.9 

MICROWAVE  SYSTEMS  BASED  ON  THE  EFFECT  OF  IMAGE  MULTIPLICATION 

IN  OVERSIZED  WAVEGUIDES  -  G.G.Denlsov,  D.A.Lukovnikov  and  M.Yu.Shmelyov, 

Institute  of  Applied  Physics,  Russian  Academy  of  Science,  46  Ulyanov  Street,  603600 

Nizhny  Novgorod,  Russia. 

Thursday  AM  INSTRUMENTATION  -  II  September  9 


Th3.1  TRANSMISSION-REFLECTION  MEASUREMENTS  FROM  8  OHZ  TO  THE  THZ  (Invited 
Keynote)  •  P.Ooy,  M.Qrois  and  F.  Beck*,  AB  Millimetre,  52  rue  Lhomond,  75005  Faria, 
_ France,  *Unlver8ltd  dc  Lille  1, 1.E.M.N..  59655  Villeneuve  d'Aacq  Cedex,  France. _ 


Th3.2  AN  INTERFEROMETER  FOR  NEAR  MILLIMEIER  WAVE  DIELECTRIC  SlUDIES  ON 
SOLIDS  AT  ELEVATED  TEMPERATURES  •  J.R.Blrch  and  B.A.Nlcol,  NPL,  Teddlngton, 

Middx.,  TWllOLW.  UK. _ 

Th3.3  WAVEFRONT  DIVIDING  INTERFEROMETER  WITH  AND  WITHOUT  MOVING  PARTS 
•  K.D.Mdller,  Department  of  Physics,  New  Jersey  Institute  of  Technology,  Newark  N.J.  07102, 
Fairlelgh  Dickinson  University,  Teaneck,  NJ  07666,  USA. 

Th3.4  MILLIMETER-WAVE  BAND  MICROWAVE  SIGNAL  SPECTRUM  MEASUREMENT  ON 
THE  BASIS  OF  THE  HILBERT  TRANSFORM  OF  JOSEPHSON  JUNCTION  FUNCTION 
RESPONSE  •  S.Y.Larkln,  S.E.Anlschenko  and  V.V.  Kamyshin,  State  Research  Center 

_ "Fonon”,  37.  Pobedy  Ave,,  KPI-3240.  Kiev  252056.  Ukraine. _ 

Th3.a  A  NEW  METHOD  FOR  NETWORK  ANALYZER  CALIBRATION  •  A.Jdstingmeler*, 
A.v.Boriyszkowski**,  O.Faby*,  M.Jenett*  and  K.SchUncmann*,  *Technische  UniversltUt 
Hamburg-Harburg,  Arbeltsbereich  Hochfrequenztechnlk,  Postfacli  90  10  52,  D-W-2100 
Hamburg  90,  Germany,  **UniverslUit  Hamburg,  Inntltut  fUr  Angewandte  Mathenutik,  Edmund- 
_ Slemers-Allee  l,D-W-2000  Hamburg  13. Germany. _ 


Ll 


SESSION  Th  4 


Thursday  AM  SPECTROSCOPY  -  V  September  9 


Th4.1  FAR  INFRARED  SPECTROSCOPY  OF  PHONONS  AND  PLASMONS  IN 
SEMICONDUCTOR  SUPERLATTICES  (Invited  Keynote)  ■  T.Dumelow,  A.A.Hamllton, 
_ T.J.Parker.  S.R.P.Smith  and  D.R.Tilley.  University  of  Essex.  Colchester  C04  3SQ.  UK. _ 


Th4.2  FAR  INFRARED  OPFICS  OP  OaAs/AIAs  SUPBRLATTICES  •  A.A.Hamllton,  T.Dumelow, 
T.J.Parker  and  D.R.Tilley.  University  of  Essex.  Colchester  C04  3SQ.  UK. 

Th4.3  INVESTIGATION  OF  PHONONS  AND  PLASMONS  IN  ALLOYS  AND  SUPERLATTICES 
COMPOSED  OF  InAs  AND  InSb  •  S.K.Kang',  T.  Knight^,  Y.B.  Ll^,  A.O.  Norman^,  J.R. 
Birch^,  T.Dumelow^  T.J.Parker^  C.C.  Phillips^  and  K.A.  Stradllng^;  ^Department  of  Physics, 
University  of  Essex,  Colchester  C04  3SQ,  UK;  ^Blackett  Laboratory,  Imperial  College, 
London  SW7  2BZ.  UK;  3Natlonal  Physical  Laboratory.  Teddlnaton  TWl  1  OLW.  UK. _ 

Th4.4  CHARACTERISATION  OF  HYDROGENATED  SILICON  NITRIDE  FILMS  BY  LOW 
TEMPERATURE  FTIR  SPECTROSCOPY  -  M.M.Pradhan  and  M.Arora,  National  Physical 
Laboratory.  Dr.  K.S.  Krishnan  Road,  New  Delhi  1 10012,  India. 

Th4.5  REFLECTANCE  STUDY  OF  T.M.O.  GLASSES  •  A.Mcmon,  M.N.Khan,  S.Al-Dallal, 
Department  of  Physics,  University  of  Bahrain,  and  D.B.Tanner,  Department  of  Physics, 
University  of  Florida,  Galnsvllle,  FL,  USA. 

Th4.6  'ITIEORY  OF  MULTIPHONON  ABSORPTION  IN  CRYSTALS  AT  IR  AND  MM  RANGES  • 
B.M.Garin,  Institute  of  Radio  Engineering  and  Electronics  of  the  Russian  Academy  of  Sciences, 
Vvedensky  Square  1,  Fryaalno,  Moscow  region  141120,  Russia. 

Th4.7  A  FEL  STUDY  OF  RELAXATION  BETWEEN  BOUND  DONOR  STATE  iN  SiiP  •  K.K. 
Geerinck,  J.E.  Dijkstra,  J.N.  Hovenier,  T.O.  Klaassen,  W.Th.  Wenckebach,  Faculty  of  Applied 
Physics,  University  of  Technology  Delft.  The  Netherlands;  A.F.O.  van  der  Meer  and  P.W.  van 
Amersfoort,  FOM  Institute  for  Plasma  Physics  RUnhulxen,  Nieuwcaeln,  The  Netherlands. 

Th4.8  PT-FIR  MAGNETO-SPECl'ROSCOPY  ON  RESONANT  BOUND  POLARONS  IN  n-GaAs  - 
A.J.  van  der  Slutjs,  K.K.  Geerinck,  T.O.  Klaassen  and  W.Th.  Wenckebach,  Faculty  of  Applied 

_ Physics.  Delft  University  of  Technology,  The  Netherlands. _ 


Th5.l  HIGH  FREQUENCY,  MEGAWATT  GYROTRON  EXPERIMENTS  AT  MIT  ■ 
K.E.Kreischer,  M.BIank,  W.C,  Quss,  S.K.L,ee  and  R.J.Temkin,  MIT  Plasma  Fusion  Centre, 
_ Cambridge,  MA  01219,  USA. _ _ _ _ 


ThS.l  DESIGN  CONSIDERATIONS  FOR  A  1  MW  CW  GYROTRON  WITH  AN  INTERNAL 
CONVERTER  -  K.Felch,  T.S.Chu,  H.Huey,  H.Jory,  J.Nellson  and  R, Schumacher,  Varian 
Associates,  Inc.,  811  Hansen  Way,  Palo  Alto,  CA  94304,  USA;  J.A.  Lorbeck  and  R.J. 
Vernon,  University  of  Wisconsin  -  Madison,  Dept,  of  Electrical  and  Computer  Engineering, 

_ 1413  Johnson  Drive.  Madison.  WI 33706,  USA. _ 

Th5,3  MW/140  GHZ  TEio,4  GYROTRON  WITH  BUILT-IN  HIGHLY  EFFICIENT 
QUASIOPTICAL  CONVERTER  -  E.Borie,  O.Dammertz,  G.Oanienbein,  M.Kuntze, 
A.Mdblus,  H.-U.Nlckcl*,  B.Plosczyk  and  M.Thumm'*',  Kernforschungszentrum  Karlsruhe 
GmbH,  ITP,  Postfach  3640,  76021  Karlsruhe,  Germany;  ^aUo  Unlverslttit  Karlsruhe, 
Instltut  ftlr  Hdchstfrequenztechnlk  und  Elektronlk. 

Th5.4  DESIGN  OF  A  3  MEGAWATT,  140  GHZ  GYROTRON  BASED  ON  A  TE21.13 
COAXIAL  CAVITY  ■  M.E.Read.  G.S.Nusinovich,  O.Duinbri^s,  H.Q.Dinh,  D.  Opie  and  G. 
Bird,  Physical  Sciences  Inc.,  Alexandria,  VA,  22314,  USA;  K.E.Kreischer  and  M.BIank  , 

MIT,  Cambridge,  MA  02139,  USA. _ 

Th5.5  GHZ  HARMONIC  OYROKLYSTRON  -  G.P.Scheltrum,  T.Bemls,  T.A.  Hargreaves  and 

L. Hlggins,  Litton  Systems  Electronic  Devices  Division.  San  Carlos,  CA  94070,  USA. 

Th5.6  DESIGN  OF  A  100  MW,  17  GHZ  SECOND  HARMONIC  OYROKLYSTRON 

EXPERIMENT  ■  P.E.Latham,  W.Lawson,  J.Calame,  V.Specht,  M.K.E.Lee.  Q.Qlan, 

M. RlmlInger  and  B.Hogan,  University  of  Maryland.  College  Park,  MD,  USA. 

Th5.7  HIGH  POWER  OPERATION  OF  A  K-BAND  SECOND  HARMONIC 
OYROKLYSTRON  •  W.Lawson,  H.W.Matthews,  M.K.E.Lee,  B.Hogan,  J.P.  Calame  and 
J. Cheng,  Electrical  Engineering  Department  and  Laboratory  for  Plasma  Research, 
University  of  Maryland,  College  Park,  MD  20742,  USA. 

Th5.8  WIDEBAND  GYRO-TWT  AMPLIFIER  EXPERIMENTS  •  J.J.Choi*,  O.S.ParkI, 
S.Y.ParkV  C.M. Armstrong,  A.K.  Ganguly,  R.Kyserl  and  M.L.Barsantl,  Naval  Research 
Laboratory,  Code  6840,Washington.  DC  20373,  USA;  *SAIC,  McLean,  VA  22102; 
iQmega-P,  Inc.,  New  Haven,  CT  06520;  tB-K  Systems,  Inc.,  Rockville.  MD  20830. 

Th5.9  GYRO-TWT  AMPLIFIERS  AT  UCLA  ■  K.C.Uou,  Q.S.Wang,  C.K.Chong,  A.J.Balkcum, 
S.N.Fochs,  E.S.  Garland,  J.  Pretterebner^*),  A.T.  LlnO*),  D.B. McDermott,  F.Harteinann  and 

N. C.Luhmann  Jr.,  Oopt.  of  Electrical  Engineering,  University  of  California,  Los  Angeles, 
CA  90024,  USA;  (“)IMT  GmbH,  Hcinrlch-Baumann  Strasse  49,  D-7000  Stuttgart  1, 
Germany;  (hlpepurtment  of  Physics,  University  of  California,  Los  Angeles,  CA9(X)24, 
USA. 


LIU 


ThS.lO  DEVELOPMENT  OF  MEDIUM  POWER.  SUBMILLIMETER  WAVE  GYROTRONS  •  T. 
Idehara,  T.  Tatsukawa,  I.  Ognwa,  Y.  Shimizu,  S.  Makino  and  K.  Ichikawa,  Department  of 

_ Applied  Physics,  Faculty  of  EiiBineering,  Fukui  University,  Fukui  910,  Japan. 

ThS.n  HARMONIC  CONVERTERS  FOR  MEGAWATT-LEVEL  140  GHZ  -  RADIATION, 
A.K.  Ganguly,  Code  6841,  Naval  Research  Laboratory,  Washington,  DC  20373; 
J.L.Hlrshfield,  Omega-P,  Inc,,  2008  Yale  Station,  New  Haven,  CT  06320;  and  Physics 
Dept..  Yale  Unlv.,  New  Haven  CT063U.  USA. _ 


Thursday  PM  OUASI-OPTICAL  COMPONENTS  ■  IV  September  9 


Th6.1  IMPEDANCE  MATCHING  OF  MICROSTRIP  LINE  CIRCUITS  BY  OPTICALLY 
TUNABLE  STUBS  -  H.Shimasaki  and  M.Tsutsumi,  Kyoto  Institute  of  Technology, 
_ Matsugasaki.  Sakyo-ku,  Kyoto  606.  Japan. _ 


Th6.2  OPTICAL  CONTROL  OF  MILLIMETER  WAVES  IN  THE  SILICON  WAVEGUIDE  - 
M.Tsutsumi,  Kyoto  Institute  of  Technology,  Matsugasaki,  Kyoto,  Japan,  and  Y.Satomura, 
Osaka  Institute  of  Technology.  Omiya,  Osaka,  Japan. 

Th6.3  QUASI-OPTICAL  SWITCHING  FOR  MM- WAVE  CAVITY  DUMPING  -  G.M.Smith, 
J.C.G.Lesurf,  Y.Cui  and  M.H.  Dunn,  University  of  St  Andrews,  Department  of  Physics  and 
_ Astronomy,  Fife  KY169SS,  Scotland. 

Th6.4  PHASE  SHIFT  AND  LOSS  MECHANISM  OF  OPTICALLY  EXCITED  E-PLANE 
ELECTRON-HOLE  PLASMA  -  Ao  Sheng  Rong  and  Zhong  Liang  Sun,  State  Key  Lab.  of 
Miilimeter  Waves,  Department  of  Radio  Engineering,  Southeast  University,  Nanjing 
_ 210018,  Jiangsu,  P.R.  China. 

Th6.5  MULTIMODE  ANALYSIS  OF  SUBMILLIMETRE-WAVE  OPTICAL  SYSTEMS  - 
S.Withington,  Cavendish  Laboratory,  Madingley  Road,  Cambridge,  UK,  and  J.A.Murphy, 
Maybooth  Coliege,  Co.  Kildare,  Ireiand. 

Th6.6  THE  IMPLICATIONS  OF  PARTIALLY  COHERENT  SIGNAL  BEAMS  ON  THE 
PERFORMANCE  OF  INTERFEROMETRIC  SPECTROMETERS  IN  THE  30-800  GHZ 
RANGE  -  J.W.Bowen,  Department  of  Physics,  Queen  Mary  and  Westfield  College, 

_ University  of  London,  London,  El  4NS,  UK. _ 

Th6.7  NON-LINEAR  TRANSMISSION  LINES  USING  MULTIPLE  BARRIER  VARACTOR 
DEVICES  -  W-M. Zhang,  H.Shi,  C.W.Domier  and  N.C.Luhmann  Jr.,  Dept.  Electrical 
_ Engineering,  UCLA,  Los  Angeles.  CA  90024-1594,  USA. 

Th6.8  MM-WAVE  SPATIAL  INTERFEROMETRY  AS  A  PASSIVE  ALTERNATIVE  TO 
RADAR  ■  J.C.G.Lesurf  and  M.R.Robertson,  Dept,  of  Physics  and  Astronomy,  University 
_ of  St  Andrews,  Fife,  KY16  9SS,  Scotland. 

Th6.9  A  SPECIAL  3-MIRROR  QUASI-OPTICAL  POWER  COMBINING  SYSTEM  -  Xie 
Wenkai  and  Liu  Shenggang,  University  of  Electronic  Science  and  Technology  of  China, 
_ Chengdu,  Sichuan  610054,  P.R.  China. 

Th6.10  OPTIMIZATION  CALCULATION  OF  3-MIRROR  AXISYMMETRIC  QUASI- 
OPTICAL  POWER  COMBINING  -  Xie  Wenkai,  Cheng  Zhixun,  Liu  Senggang,  University 
_ of  Electronic  Science  and  Technology  of  China,  Chengdu,  Sichuan  610054,  P.R.  China. 
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Thursday  PM  INSTRUMENTATION  -  III  September  9 


Th7.1  ADVANCES  IN  MEASUREMENTS  WITH  AN  ALL-ELECTRONIC  TERAHERTZ 
SPECTROSCOPY  SYSTEM  -  D.W.Van  Der  Welde*,  J.S.Bostak,  B.A.Auld  and  D.M.Bloom, 
Edward  L.  Ginzton  Laboratory,  Stanford  University,  Stanford,  CA  94305,  USA,  *Currently 
with  Max-Planck-Institut  fUr  Festkdrperforschung,  Heisenburgstr,  1,  D-7000  Stuttgart  80, 
_ Germany. 

Th7.2  SOME  RECENT  APPLICATIONS  OF  THE  FREE  ELECTRON  LASER  (CLIO  AND  FELIX) 
IN  SEMICONDUCTOR  NONLINEAR  OPTICS  -  C.R.Pidgeon,  Heriot-Watt  University, 
Riccarton,  Currie,  Edinburgh,  UK. 

Th7.3  QUASI-OPTICAL  DEVICES  FOR  SUBMILLIMETER  TECHNIQUE  -  V.B.Anzin, 
G.A.Komandin,  O.V.Kozlov,  S.P.Lebedev,  A.N.  Lipatov  and  A.A.  Volkov,  Institute  for  General 
Physics,  Russian  Academy  of  Sciences.  Vavilov  str.,  38, 1 17942  Moscow,  Russia. 

Th7.4  BIAS  PULSE  MODULATOR  FOR  A  HIGH  POWER  Ka  BAND  (26-40  GHZ)  IMPATT 
OSCILLATOR  -  P.G.Frayne  and  C.W.T.Nicholls,  Royal  Holloway  College,  Egham,  TW20 

_ OEX,  Surrey.  UK. _ 

Th7.5  MICROWAVE  SPECTROMETERS  FOR  THE  INVESTIGATION  OF  FAST  PROCESSES  IN 
THE  TIME  DOMAIN  -  A.B.  Brailovsky,  V.V.  Khodos,  V.L.Vaks,  A.N.Panln,  S.J.Pripolzin  and 
F.Wolf,  Analytik  &  Me^technik  GmbH  Chemnitz,  Stollberger  Str.  4a,  0-09119  Chemnitz, 
_ Germany. 

Th7.6  A  FREQUENCY-STABILISED  MICROWAVE  GENERATOR  FOR  INVESTIGATIONS  OF 
ABSORPTION  LINES  OF  WATER  -  V.L.Vaks  and  S.J.Pripolsin,  Analytik  &  McPtechnik 

_ GmbH  Chemnitz,  Stollberger  Str.  4a,  D-091 19  Chemnitz,  Germany. 

Th7.7  QUASI-OPTICAL  METHOD  FOR  MOISTURE  MEASUREMENTS  OF  OASES  -  A.A.Vcrtiy 
and  S.P.Gavrilov,  Inst.  Radiophysics  and  Electronics,  Academy  of  Sciences  of  Ukraine,  12 
Acad.  Proskura  st.,  Kharkov  31(X)85,  Ukraine. 

Th7.8  METHOD  AND  MEASUREMENT  COMPLETE  SET  FOR  NON-DESTRUCTIVE  LOCAL 
PARAMETER  MICROWAVE  MEASUREMENTS  OF  MATERIALS  -  A.A.  Zvyagintsev  and 
A.V.  Strizhachenko,  University,  Freedom  Sq.,  4, 31(X)77,  Kharkov,  Ukraine. 

Th7.9  FREQUENCY  STABILIZED  MILLIMETER  WAVE  PULSED  IMPATT  OSCILLATORS  IN 
AUTO-OSCILLATED  AND  INJECTION-LOCKED  MODES  (DESIGNING  AND 
INVESTIGATION)  -  A.V.  Gorbachev,  L.V.  Kasatkin,  V.V.  Novozhilov  and  M.I.  Poigina, 
_ Research  Institute  "ORION”,  Kiev,  Ukraine,  p.o.  252057. _ 


LVI 


Th7.10  SOLID-STATE  8-MM  WAVE  TRANSCEIVER  WITH  PULSE-TO-PULSE  SWITCHING  OF 
OPERATING  FREQUENCIES  (INVESTIGATION  AND  DESIGNING)  -  A.V.  Gorbachev, 
L.V.  Kasatkin,  V.A.  Sackov,  I.N.  Homenko  and  I.V.  Zverghovsky,  Research  Institute 
_ "ORION”,  Kiev.  Ukraine,  p.o.  252057. _  _ 


Thursday  PM  SPECTROSCOPY  •  VI  September  9 


Th8.1  SURFACE  LAYERS  AND  FAR  INFRARED  SPECTRA  OF  HIGH-Tc 
SUPERCONDUCTORS  {Invited  Keynote)  •  X.Oerbaux,  A.Hadni  and  M.Taeawa"*,  Laboratoire 
Infrarouge  Lointain,  L.M,C.P.I„  U.R.A,  •  C.N.R.S.  no.809  B.P.239,  F-S4506  Vandoeuvre-les 
Nancy  Cedex,  France;  *OIRl.  Nagoya,  1,  Hirate  cho,  Nagoya  462,  Japan. 

Th8.2  MEASUREMENTS  ON  THE  FAR  INFRARED  LASER  TRANSMISSION  OF  Y 1 88200307. 
8  THIN  FILMS  -  T.P.O'Brien,  M.L.McConnell,  P.O.Huggard,  Oi.  Schneider  and  W.J.Blau, 
Physics  Department.  Trinity  College.  Dublin,  Ireland. 

Th8.3  FAR  INFRARED  ELLIPSOMETRIC  STUDY  OF  HTSC  GAP  IN  AB-  AND  C-ORIENTED 
EPITAXIAL  YBaCuO  FILMS  -  A.B.SushkoV**  and  E.A.  Tishchenko,  P.L.  Kapltza  Institute  for 
Physical  Problems,  Russian  Academy  of  Science,  Kosygina  str.  2,  117973  Moscow,  Russia; 
"'Institute  of  Spectroscopy,  Russian  Academy  of  Science,  142092  Troltzk,  Moscow  region, 
Russia. 

Th8.4  SUBMILLIMETER  WAVE  ESR  OF  COPPER-OXIDES  -  H.Ohta  and  M.Motokawa,  Dept,  of 
Physics,  Faculty  of  Science,  Kobe  University,  Rokkodai,  Nada,  Kobe  657,  Japan. 

Th8.5  MILLIMETER  WAVES  SCANNING  -  NEW  METHODS  AND  POSSIBILITIES 
INVESTIGATING  THE  HIGH  TEMPERATURE  SUPERCONDUCTORS  -  M.N.Kotov*,  V.F. 
Masterov""",  A.V.Prichodko*  and  O.V.Smertin"',  ""Microwave  Laboratory,  Semiconductor 
Physics  Institute,  1 1  A.  Gostauto  str„  Vilnius  2600,  Lithuania;  """"Experimental  Physics  Dept., 
State  Technical  University,  29  Politechnltcheskaia  str.,  St.  Petersburg.  Russia. 

Th8.6  LOCAL  AND  NON-DESTRUCTIVE  DIAGNOSTICS  OF  HIGH-To  SUPERCONDUCTOR 
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V.Lisauskas  and  B.Vengalis,  Semiconductor  Physics  Institute,  Gostauto  11,  2600  Vilnius, 
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Fl.l  COLLECTIVE  MM-WAVE  SCATTERING  TO  MEASURE  FAST  ION  AND  ALPHA- 
PARTICLE  DISTRIBUTIONS  IN  JET  {fnvited  Keynote)  •  J.A.Hoekzema.  A.E.Cottley, 
T.P.Hughes,  J.A,  Pessey,  N.P.Hammond,  H.Oostorbeek,  P.Roberts.  A,L.Steveni.  P.E.  Stott 
and  W.  Suverkropp,  JET  Joint  Undertaking,  Abingdon.  Oxfordshire.  0X14  3EA.  UK. 

F1.2  STATE  OF  THE  ART  OF  OYROTRON  INVESTIGATION  IN  RUSSIA  (Invited  Keynote) 
-  V.A.Ryagln,  A.L.Ooldenberg  and  V.B.Zapevalov,  Institute  of  Applied  Physios,  Russian 
Academy  of  Sciences,  46  Uljanova  st,  Nlahnl  Novgorod,  603600,  Russia. 

F1.3  THE  TRANSMISSION  LINES  AND  ANTENNAS  OF  THE  TORE  SUPRA  ECRH 
SYSTEM  -  F.M.A.Smits,  O.  Berger-by.  0.  Bon  Mardion.  J.-J.  Capltain,  D,  Chatain,  J.-J. 
Cordler,  J.P,  Crenn,  L.  DoceuI,  M.  Pain,  O.-F.  Tonon,  A.  Dubrovin'*',  P.  Oarin*  and  J.M. 
Krieg*,  Association  CEA-Euratom  sur  la  Fusion  Contrblde,  CBN-Cadarache,  F- 13 108 
St.Paul-lez-Durance  CEDEX,  France;  "'Thomson  Tubes  Electroniques,  2,  Rue  Lat^cobre, 
78141  Vdlizy-Vlllacoublay.  France. 

F1.4  MM-WAVE  TRANSMISSION  IN  THE  FAST  ION  AND  ALPHA-PARTICLE 
DIAGNOSTIC  AT  JET  -  J.A.Hoekzema  and  N.P.Hammond,  JET  Joint  Undertaking, 
Abingdon,  Oxfordshire,  OX14  3EA.UK. _ 
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•  F.Billb'",  0.  Granuccl*"'',  L.ManUt*',  A.  Simonetto"""  and  O.Vlclguerra"',  '"DEEI, 
Unlversith  dl  Trieste,  Via  A,  Valerio  10,  34127,  Trieste,  Italy;  """Istituto  dl  Fisica  del 
Plasma.  Associazlone  EURATOM-ENEA-CNR,  Via  Basslni  13. 20133.  Milano.  Italy. 
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B.C.Brown,  J.A.Lorbeck  and  R.J. Vernon,  Department  of  Electrical  and  Computer 
Engineering,  The  University  of  Wisconsin  -  Madison.  Wisconsin  53706,  USA. 

F1.7  CONDITIONING  OPTICS  FOR  A.STIOMATIC  GAUSSIAN  BEAMS  AT  140  GHZ, 
O.S  MW  -  A.Bruschi,  S.Cirant,  Q.Granucci,  A.Simonetto  and  Q.Solarl,  Istituto  dl  Fisica  del 
Plasma,  EURATOM/ENEA/CNR  Association.  Via  Bassinl  15. 20133.  Milano.  Italy. 

F1.8  A  PROPOSAL  FOR  A  CALORIMETRIC  LOAD  AT  1 40  GHZ  FOR  HIGH  POWER  HE  iT 

TRANSMISSION  LINES  -  L.Argenti,  A.Bruschi,  S.Cirant  and  O.Solari,  Istituto  di  Fisica 
del  Plasma.  EUROTOM/ENEA/CNR  Association,  Via  Bassinl  15. 20133.  Milano.  Italy. 

F1.9  DIFFRACTION  RADIATION  OSCILLATORS  FOR  HIGH-TEMPERATURE  PLASMA 
DIAGNOSTICS  AND  SPECTROSCOPY  -  V.P.Shestopalov,  B.K.Skrynnik,  I.D.Revln  and 
O.P.Ermak,  Institute  of  Radiophysics  and  Electronics  of  the  Ukrainian  Academy  of 
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F2.1  TELESCOPE  DESIGN  STUDY  FOR  THE  NASA  STRATOSPHERIC  OBSERVATORY 
FOR  INFRARED  ASTRONOMY  (SOFIA)  -  O.W.Sutton,  H.M.  Martin*,  Hans  Kllrcher** 
and  Kent  Pfllbsen,  Kaman  Aerospace  Corporation,  Optical  Development  Center,  Tucson, 
AZ  8S706,  *Steward  Observatory  Mirror  Laboratory,  University  of  Arizona,  Tucson, 
Arizona.  **MAN  OHH,  Oustavsburg,  Germany. 
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A. Deschamps,*  P.  Encrenaz**,  P.Febvre*,  P.  Feautrler**,  C.  Oac*,  M.Oheudln,* 

B. Ldrldon,*  R.Maoli,*  D.  Mlchet*,  J.C.  Pemot**,  C.Robert*,  C.  Rosolen*,  G.Ruffld,*  and 
P.  Vola*,  *Ob8ervatolre  de  ParlS’Meudon,  S  place  Jules  Janssen,  92195  Meudon,  France, 
**Ecole  Normale  Supdrleure,  Laboratoire  de  Radioastronomle,  24  rue  Lhomond,  75005 
Paris,  France. 

F2.3  A  COST  EFFECTIVE  TOTAL  POWER  RADIOMETER  PACKAGE  FOR 
ATMOSPHERIC  RESEARCH  <  B.N.Lyons,  W.M.Kelly,  D.R.Vlzanl  and  U.S.LldhoIm, 
Farran  Technology  Ltd.,  Balllncolllg,  Co.Cork,  Ireland, 

F2.4  IR  DETECTORS  FOR  SPACEBORNE  APPLICATIONS  •  Y.V.Munro  and  D.Hickman, 

_ Matra  Marconi  Space  UK  LTD,  Anchorage  Road,  Portsmouth.  UK. 

F2J  QUASI-OPTICAL  TRIPLEXING  FEED  FOR  SPACECRAFT  RADIOMETER  - 
R.J.Martln  and  W  J.Hall,  BAe  Space  Systems,  Bristol,  UK. 

F2.6  THE  ISO  LONG- WAVELENGTH  SPECTROMETER  -  P.E.Clegg,  Department  of  Physics, 

Queen  Mary  and  Westfield  College,  London  El  4NS,  UK, 

F2.7  REFLECTOR  AND  MIRROR  SYSTEMS  FOR  SUBMILLIMETER  AND  INFRARED 
TELESCOPES  •  AN  OVERVIEW  OF  TECHNOLOGY  AND  COSTS  -  Hans  J.KIlrcher, 
MAN  OHH,  Gustavsburg,  Germany. 

F2.8  A  HORIZONTAL  ATMOSPHERIC  TEMPERATURE  SOUNDER  BASED  ON  THE  60 
GHZ  OXYGEN  ABSORPTIONS  ■  R.W.McMillan,  Georgia  Institute  of  Technology, 
Georgia  Tech  Research  Institute,  Atlanta.  Georgia  30332,  USA. 

F2.9  A  SUBMILLIMETER-WAVE  SENSOR  FOR  TRACE  GAS  STUDIES  IN  THE  MIDDLE 
ATMOSPHERE  -  H,  Nett.  S.  Ctvwell  and  K.  KUnzl,  University  of  Bremen,  FB  1.  Institute 
of  Remote  Sensing.  P.O.  Box  330440,  2800  Bremen  33,  FRO. 

F2.10  GROUND-BASED  MILLIMETER-WAVE  MONITORING  OF  STRATOSPHERIC 
OZONE  AT  ALTITUDES  ABOVE  20  KM  -  A.A.  Krasil'nikov,  Yu.  Yu.  Kulikov,  and  L.I. 
Fedoseev,  Institute  of  Applied  Physics  of  the  Russian  Academy  of  Sciences,  46  Ul'Janov 
Str.,  Nizhny  Novgorod,  6Q36(X),  Russia. _ _ 
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Germany. 
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F3.6 
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F3.7 
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TIME-RESOLVED  FAR  INFRARED  MAGNETOSPECTROSCOPY  OF  ULTRA-HIGH 
MOBILITY  n-GaAs  LAYERS  AND  GaAs/AIGaAs  MULTI  QUANTUM  WELLS  -  R.E.M.  de 
Bckker+,  J.M.  Chamberlain*,  M.B.  Stanaway*,  P.  Wydei'*’,  C.R.  Stanley**  and  M.  Hcnini*, 
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Nottingham  University,  Nottingham,  N07  2RD,  England;  **Department  of  Electronic  Si 
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Pi 


Submillimetre  Waves  -  the  Early  Years 

M.F.  Kimmitt, 

Department  of  Physics,  University  of  Essex,  Colchester  C04  3SQ„  U.K. 


'If  I  have  seen  further  it  is  by  standing  on  the  shoulders  of  giants.'  Sir  Isaac  Newton. 

It  has  been  rightly  pointed  out  that  such  has  been  the  expansion  of  science  in  the  twentieth 
century  that  well  over  50%  of  scientists  known  to  history  are  still  alive  today.  Indeed,  in  a 
wondrously  mixed  metaphor,  one  present-day  researcher  has  stated  that  "In  the  sciences,  we  are 
now  uniquely  privileged  to  sit  side  by  side  with  the  giants  on  whose  shoulders  we  stand."  And 
nowhere  is  that  more  true  than  in  the  field  of  research  covered  by  this  Conference.  Those  of  us 
whose  far-infrared  experience  reaches  back  to  the  1950s  will  remember  that  virtually  the  only 
source  we  had  was  a  mercury  arc  lamp  and  the  only  detector  was  a  Oolay.  There  were  no  books 
and  Just  a  handful  of  relevant  papers.  Even  by  1970  the  authors  of  the  introductory  paper  at  the 
Brooklyn  Symposium  on  Submillimeter  Waves  were  writing  "It  is  appropriate  to  view  the 
submillimeter  wave  region  as  a  transition  region  lying  between  the  millimeter  wave  and  infrared 
portions  of  the  electromagnetic  spectrum  and  possessing  as  yet  no  hallmark  of  its  own".  That 
was  perhaps  a  pessimistic  summary,  as  there  were  nearly  sixty  papers  at  that  meeting.  Now  that 
we  have  an  annual  conference  •  this  one  with  over  three  hundred  papers  •  I  think  we  can  say  that 
what  used  to  be  called  the  'unexplored  region'  is  being  fully  explored. 

However,  there  was  an  early  golden  oge  of  far  infrared  and  millimetre  wave  research  which 
began  almost  exactly  one  hundred  years  ago  and  culminated  in  the  1920s  with  the  joining  of  the 
infrared  to  what  was  then  called  the  electric  wave  spectrum.  To  mark  this  centenary  it  is  surely 
appropriate  to  highlight  some  of  the  achievements  of  the  first  workers  in  our  field.  The  giant 
figure  in  the  early  years  was  Rubens,  working  in  Berlin.  But  there  were  several  others  of  great 
importance,  including  Nichols,  who  worked  with  Rubens  before  the  turn  of  the  century  and  in  his 
later  years  developed  millimetre  wave  sources,  and  R  W  Wood,  the  inventor  of  the  blazed 
diffraction  grating.  Wood  was  one  of  the  great  researchers  of  this  century  and  his  book,  'Physical 
Optics',  was  the  pioneering  text  on  modern  optics.  He  was  always  quick  to  give  credit  to  earlier 
reseaich  and  points  out  that  the  possibility  of  making  gratings  that  concentrate  most  of  the  light 
into  a  single  order  was  first  suggested  by  Lord  Rayleigh.  We,  who  work  at  the  University  of 
Essex,  are  proud  that  Rayleigh  was  an  Essex  man  and  the  Rayleigh-Jeans  formula  for  black-l^y 
radiation  will  be  much  in  evidence  during  the  Conference.  It  is  with  black-body  emission  that 
this  talk  will  begin,  for  1  think  it  is  not  sufficiently  realised  that  it  was  Rubens'  work  in  the  long 
wavelength  infrared  region  which  provided  the  experimental  evidence  which  led  Max  Planck  to 
derive  his  radiation  law  and  lay  the  foundation  for  quantum  theory. 
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A  major  problem  engaging  the  attention  of  physicists  during  the  closing  years  of  the  last 
century  was  that  of  the  radiation  from  a  black-b^y.  Wien  had  found  a  formula  which 
represented  the  observed  data  very  well  for  small  values  of  the  product  of  wavelength  and 
absolute  temperature.  In  1900  Rayleigh  suggested  from  classical  considerations  that  the  energy 
should  vary  as  (T  is  absolute  temperature  and  X.  is  wavelength)  but  clearly  this  could  not  be 
correct  at  short  wavelengths,  as  it  led  to  what  was  called  the  'ultraviolet  catastrophe*.  Later 
Rayleigh  and  Jeans  came  to  the  exact  formula  which  now  bears  their  names. 

It  is  clear  that  Rayleigh  felt  that  experimental  data  was  needed  for  the  energy  emitted  where 
the  product  of  wavelength  and  temperature  was  large.  Larmor,  a  contemporary  of  Rayleigh, 
states  that  Rayleigh  asked  Rubens  to  measure  the  variation  of  energy  at  long  wavelengths  and  he, 
with  Kurlbaum,  confirmed  the  relationship  by  working  out  to  51pm  over  a  temperature 
range  from  85*  1 173K.  Planck,  who  had  for  some  time  been  struggling  with  the  Wien  formula, 
learned  of  this  experimental  agreement  with  Rayleigh's  prediction,  and  derived  his  formula 
empirically  to  fit  both  the  short  and  long  wavelength  results.  He  then  went  on  -  genius  that  he 
was  -  to  look  for  a  physical  explanation,  and  this  led  to  his  introduction  of  quantum  oscillators. 
It  seems  likely  that  Planck  had  already  been  feeling  his  way  towards  quantum  theory  but  there 
appears  to  be  no  doubt  that  it  was  after  Rubens'  precise  measurements  that  he  finally  went  beyond 
the  logic  of  classical  physics  for  an  explanation. 

Research  which  contributed  to  the  development  of  quantum  theory  must  certainly  be  the 
outstanding  achievement  of  early  far^infrared  experiments,  but  there  were  other  significant 
developments  which  will  be  discussed  in  this  paper.  This  talk  will  not  only  be  about  the  research 
but  also  about  the  researchers.  Fbr  example,  R  W  Wood  was  a  great  practical  joker;  he  was  also 
instrumental  in  the  downfall  of  the  notorious  N<ray  research  and  it  was  Rubens  who  persuaded 
him  to  expose  the  delusion  that  N-rays  existed.  Nichols  was  another  giant  who  did  much  more 
than  infrared  research.  He  was  an  outstanding  experimenter  and  perhaps  his  greatest 
achievement  was  to  measure  radiation  pressure.  Ho  was  also  bravo  enough  to  move  from 
research  to  be  a  College  President,  then  go  back  to  research  when  he  found  administration  not  to 
his  liking,  and  he  has  the  unique  honour  of  writing  the  very  first  paper  in  Physical  Review.  He 
died  as  he  had  lived.  While  presenting  a  paper  in  'Joining  the  Infrared  and  Electric  Wave 
Spectra'  before  his  peers  at  the  National  Academy  of  Sciences  in  Washington  in  1924  such  a  long 
pause  occurred  in  his  delivery  that  the  chairman  finally  walked  to  the  podium,  to  find  that  Nichols 
had  died  of  a  heart  attack  while  standing  before  them,  propped  up  by  the  dais. 
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Rocket  Measurement  of  the  Submillimeter  Cosmic  Background  Spectrum 

H.P.  Gush,  E.H.  Wishnow  and  M.  Holpem 
Department  of  Physics,  U.B.C.  Vancouver,  B.C.  Canada,V6TlZl 

Abstract 

The  spectrum  of  the  cosmic  background  radlaticm  (CBR)  has  been  measured  using  u  liquid  helium 
cooled  spectrometer  carried  to  high  altitude  by  a  rocket.  The  spectrum  in  the  frequency  band  2  to 
30  cm<l  is  very  well  fitted  by  a  Planck  function  of  temperature  Tb2.736K.  The  estimated 
experimental  accuracy  of  the  mean  temperature  is  4-/- 17  mK. 


Introduction 

The  cosmic  background  radiation  (CDR), 
being  one  of  the  oldest  quantities  accessible  to 
measurement,  has  been  recognized  os  a  very 
Important  observable  in  cosmology  since  its 
discovery  in  1963,^  Substantial  experimental 
effort  has  been  devoted  in  the  past  23  years  to 
ijwestigating  the  properties  of  this  radiation. 
Ihe  Information  to  be  gained  is  very  important 
to  on  understanding  of  the  early  universe  but 
experimental  difficulties  have  been  such  that 
definitive  measurements  have  been  obtained 
only  recently.3'^ 

This  paper  describes  the  principle  of 
operation  and  the  results  of  the  rocket 
spectrometer  COBRA  which  was  used  to  moke 
a  successhil  measurement  of  the  CBR 
spectrum  in  1990,  Further  detail  can  be  found 
in  some  other  publications.^'^ 

The  apparatus 

Based  on  experience  gained  in  earlier 
attempts  to  measure  the  spectrum  of  the  CBR 
fmm  high  altitude, a  new  rocket  instrument 
was  developed  and  tested  during  the  1980's. 


The  instmment  is  shown  schematically  in 
Pig.l,  Radiation  from  the  sky  is  directed  to  one 
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Pig,  1.  A  dlagrtm  ihowing  th»  principle  of  the 
apparetui,  Hi  and  H3  arc  ilmilar  horn  teleicopea  uf  6*^ 
field  of  view,  HI  revel vea  radiation  fTom  the  iky 
whereu  H3  la  llJumlnated  by  a  black  body  ibnulator  B. 
Radiation  laiulni  pom  the  homi  enteri  a  two-beain 
Interferometer  lul.  with  a  beamiplitter  at  b,  Penn 
whence  it  entergea  to  be  focuiied  on  two  bolometer 
deteoton  D1  and  D2.  Aa  the  path  difference  In  the 
interferometer  la  changed  the  aignal  generated  by  each 
detector  (interferogram)  la  proporUonal  to  the  difference 
Intenalty  of  the  aky  anti  the  black  body.  The  numbera 
indicate  temperaturna  uf  varioua  aeclluna  of  the 
apeutrometer. 
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Fig.  2.  A  schornntic  dlngrnm  uf  the  pularizollun 
Interfercimeter.  Rndintion  iVtim  a  laurue  nl  8  In  Nplil  by 
the  wire  grid  pcilorlzer  P  Into  vertically  ond  horizontally 
polarized  beam*  (v  and  h).  Plat  inirrora  M  direct  theNe 
heiiniN  through  the  Interfemmeter  lUelf,  which  conalata 
of  the  oblique  wire  grid  beamiplltter  D,  and  the  two 
dihedral  mirror  pain  V.  Optical  delay  In  the 
Interferometer  In  varied  by  ilmultancoui  dinplaccmenti 
d  of  both  dihedral  palrn  an  ihown.  The  exit  beamn,  E) 
and  E',  are  formed  by  directing  the  Interferometer 
uutputi  through  a  vertical  onalyilng  polarizer  I*.  The 
path  fhim  the  necond  lource  at  S'  entirely  ovorlopn  the 
I'udlntlon  path  nhown  here,  after  the  Input  lutalyNlng 
polarizer.  The  modulated  nignoln  at  E  and  E'  contain 
Information  about  the  hrlghtnenn  difference  between  8 
and  S',  and  are  Independent  of  nource  polarization. 

side  of  a  oymmotrlc  iwo-beom  Interferometer 
by  means  of  u  hyperbolic  horn  telescope.  The 
seamti  side  of  ihe  Interferometer  is  Illuminated 
by  an  lUentietd  telescope  tcrmhtutetl,  however, 
with  tt  black  bixly  simulator  whoso  temperutun: 
cun  be  controlled.  By  moving  die  puir  of 
dihedral  mirrors,  a  variable  path  difference  l.s 
Intnxlucctl  in  lite  liiterfenmictor,  and  the  siRnul 
given  by  each  detector  Is  on  Interferogrom 
whose  Fourier  irunsfonn  is  proportional  to  the 
spectrum  of  tlie  Intcaslty  difference  between 
tlic  sky  and  the  calibrator.  If  the  sky  spectrum 


Is  Plancklan  of  the  same  temperature  as  the 
calibrator,  there  Is  a  null  signal.  Tlie  absolute 
.sensitivity  of  the  instrument  Is  obtained  by 
periodically  changing  tlie  temperature  of  the 
calibrator  by  steps  of  0.2K  near  2,7K,  tlie 
approximate  expected  lenipcriiturc  of  the  CBR, 
This  procedure  allows  one  to  calculate  the  sky 
emission  spectrum  without  oclilevlng  a  null 
Interferogrom  and  without  reference  to  pre  or 
post  flight  callbmtlon  data. 

Tlie  Interferometer  is  of  die  polarizing  type, 
the  optical  arrangement  being  shown  In  Plg.2. 
It  Is  u  mndificadon  of  un  early  design  used  In 
mlU'lnfrared  oetonomy  meusunemenis.l*)  The 
principal  merit  of  the  design  In  die  present 
context,  apart  from  unifonn  frequency 
response  and  good  elflclency.  Is  that  tlie 
Instrument  is  highly  symmetric.  This  Is 
Impottunt  because  one  would  like  to  obtain 
truly  null  Interforograms  when  die  sky  luiii  die 
calibrator  have  die  sonic  tempcruiure,  Tills 
Uloul  was  closely  upprouched.Tlic  balance  was 
tested  In  Ihe  laboratory  by  Introducing  u 
variable  temperature  liquid  helium  cooled  block 
btxly  over  die  sky  telescope,  uiul  setting  Its 
temperature  equal  to  die  Intcmid  calibrator 
tcinporaiure.  Small  offset  Interfcrogrums 
corresponding  to  temperature  shifts  of  about 
SUtnK  were  measured  which  are  subtructeil 
from  die  sky  Inierfcrogrunis  boforo  ctdculuting 
Hnol  s|icctru. 

Results 

Pig.  3  shows  u  set  of  Interferogrums 
rcconlcd  during  die  flight,  u.s  well  as  die 
derived  sky  spectrum.  The  spectrum  Is  very 


5 


F2 


well  fitted  by  a  Planck  curve  of  temperature 
2.73fiK  Tlie  error  on  the  temperature  Is 
conservatively  estimated  to  be  +/-0.0t7K.  Gur 
value  for  tiie  tcmpcraiure  ugrccs  well  witlt  tlic 
most  recent  value  evaluated  fmm  the  COBE 
satellite  data,  2.726+/-0,010K.15 


FIr.  J.  II)  Interfcrograini  ohiRineO  lal«  In  the  lUght. 
aliuwn  ni  ilnlectnr  vultHge  vi.  uptIcRl  path  difference  fnr 
three  different  tempernturei  of  the  Internal  black  body. 
The  algn  Invemlun  between  a)  and  b)  indlcatea  that  the 
aky  aiMwttutn  Ilea  between  Planck  functiuni  of  2.63K 
and  2.K3K.  Apprualmately  one  minute  of  data  are 
ahown  here. 

b|  The  Intenalty  of  the  iky  aa  a  fdnctlon  of  wavenuinlwr 
derived  from  the  ahown  Inlerferugrama.  The  amcKith 
curve  la  a  Planck  function  which  fita  the  data  well.  The 
reaiduola  are  ahown  oaclllatlng  along  the  abaclaaa  axle. 

TItc  Instrument  was  recovemd  from  the 
launch  and  it  Is  currently  being  refurbished  and 
mcKllfled  to  make  CBR  anisotropy 
measurements  from  balloon  altitudes.  In  this 
cose  the  Intemul  calibrator  is  removed.  By 


means  of  a  suitable  optical  system  and 
telescope  tlie  two  input  channels  of  tiic 
Interferometer  ore  focussed  on  two  regions  of 
the  sky  separated  by  a  few  degrees.  Tills  will 
pemiit  the  spectrum  of  the  observed  anisotropy 
to  be  measured  which  will  be  of  help  in 
discriminating  against  foreground  sources.'^ 
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Progress  in  Development  of  High  Power  Gyrotrons 

M.  Thumm* 

Kemfnrschungs/entrum  Karlsruhe,  Institut  fUr  Tcchnischo  Physik 
'*'also  Univcrsltilt  Karlsruhe,  Instilul  fUr  Mhchstfrequenzlcchnlk  und  iileklronlk 
n-75(K)  Karlsruhe  1,  Oertnony 


1.  INTRODUCTION 

Qyrotrons  ore  microwave  osclllaton  based  on  the  Electron  Cyclotron  Maser  (BCM)  Insuiblliiy.  riio  free  energy  Is 
the  rotational  energy  of  weakly  relativistic  electrons  (1  <  y  :£  1.2)  in  a  longitudinal  magnetic  cavity  Held.  A  net  honsfer  of 
energy  from  the  gyrating  electrons  to  the  electromagnetic  field  In  the  Interaction  circuit  occurs  duo  to  the  azimuthal  phase 
bunching  when  the  wave  frequency  Is  somewhat  larger  than  the  relativistic  electron  cyclotron  frequency  (1  or  Its 
harmonics.  Many  other  types  of  microwave  sources  are  also  based  on  the  ECM  Inslabllllty,  such  as  gyro-klystron,  gyro¬ 
travelling  wave  amplifier  (gyro-TWA)  or  gyro-backward  wave  oscillator  (gyro-DWO).  (Cyclotron  maser  devices  operating 
In  tlie  relativistic  Doppler-shifted  regime  where  the  axial  bunching  mechanism  can  subsionclally  offset  the  ozlmutltol 
bunching  ore  called  cyclotron  autoresonunce  maser  (CARM). 

2.  QYROTRONS  PQRI^SION  PLASMA  APPLICATIONS 

At  present,  gyrotron  oscillators  are  mainly  used  as  high  power  millimeter  wave  sources  for  electron  cyclotron 
resonance  heating  (BCRH)  and  diagnostics  of  magnetically  conflned  plasmas  In  controlled  tltermunucloor  fusion  research 
[1,2].  Long-pulse  and  CW  gyromonotrons  utilizing  open-ended  cylindrical  resonators  which  generate  output  powers  of 
100-400  kW  per  unit,  at  frequencies  between  28  and  84  GHz,  have  been  used  very  sucessfully  for  plasma  formation, 
electron  cyclotron  resonance  heating  (BCRH)  and  local  current  density  profile  control  by  nuninductive  currant  drive 
(BCCD)  In  tokoiiioks  1 1 1  and  stelloratos  |2|.  Gyrotron  complexes  with  toUu  power  of  up  to  4  MW  ore  used  .  1'ho  confining 
toroidal  magnetic  fields  In  present  day  fusion  machines  are  In  the  range  of  I'esla.  As  experimental  devices 

become  larger  and  operate  at  higher  magnetic  fields  (Bo«5T)  and  higher  plasma  densities  (n,„Ml-2  •  lO^'^/m^)  In  .steady 
state,  present  and  fortlicomlng  BCH  requiremenu  coll  for  gyrotron  output  powers  of  at  least  I  MW,(?W  ui  frequencies 
ranging  from  l(K)-l80  GHz.  Since  efficient  BCRH  and  BCCD  needs  axisymmetric,  narrow,  pencll-like  mm-wave  beams 
with  well  defined  polarization,  single  mode  omission  Is  necessary  In  order  to  generate  a  'I'HMno  Gaussian  beam  mode  at  tite 
plasma  torus  launching  antenna . 

Single  mode  mm-wave  gyrotron  oscillators  capable  of  high  average  power,  0.9-1  MW  per  tube.  In  long-pulse  or 
CW  operation,  ore  cuirenily  under  development  In  several  scientific  and  Industrial  laboratories.  The  present  state  of  the  art 
at  140  GHz  Is  given  In  Table  1. 140  GHz  gyrotrons  with  output  power  ■  0.6  MW,  pulse  length  t  ■  2.0  s  and  efficiency 
1)  ■  34  %  are  commercially  available.  The  worldwide  first  BCRH  and  BCCD  experiments  at  140  GHz  have  been  performed 
In  die  .Stellurutor  W7-AS  |.9].  Diagnostic  gyrotrons  deliver  **out  ■  40  kW  with  Ta40  tts  at  frequoiicles  up  to  A.90Gllz 
(11  i  4  %), 


Institution 

Mode 

BiiiBfflSl 

output 

HfoMi 

KfK,  Karlsruhe,  PHILIPS.  Hambura 

mwi 

TBm . 

0.12 

23 

0,4 

KfK.  Karlsruhe 

THifl^  . 

0.69 

29 

0,005 

.SAI.,I)T,  lAP,  Nizhny  Novgorod 

■rajas 

TRMoo 

0,9 

36 

0,3 

..M  _ 

36 

0,55 

TORIY,  Moscow,  lAP,  Nizhny  Novgorod 

THaa., 

■raMon 

0,97 

34 

0,3 

0,.98 

34 

2.0 

VARIAN.  Polo  Alto 

TEna/«j 

WSSSMM 

0.1 

27 

CW 

"raiji 

2H 

llll_ 

28 

1.04 

38 

0,(KK)5  1 

Table  I:  IVoscnt  development  status  of 

40  GHz  gyrotron  oscillators  for  fusion  plasma  RC  Wave  applications. 
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With  incrcusing  operating  frequeticy,  power  level  and  pulse  duration  o  number  of  problems  arise  which  necessitate 
signilicunt  changes  in  the  gyrotron  design  approach.  The  main  difficulties  encountered  in  tlie  realization  of  efficient 
megawatt  CW  mm-wavc  gyrotrons  for  fusioit  reactors  (12(1  (iHr.  to  2(X)  (IMz)  arc  connected  with: 

•  fnnnution  of  tin  electron  betun  wiili  sufficient  orbital  energy  (n  i.  1 .5)  imd  small  velocity  spread  (cicctron  gun  design) 

•  propui'Mtion  of  litc  clecUon  benm,  spurious  oscillutlons  in  die  beam  tunnel  between  tite  eiecuon  gun  and  Ute  Interaction 
cavity,  voltage  depression  (dependent  on  tlie  ratio  of  electron  betun  radius  to  cavity  radius),  space  clnuge  effects  and 
beam  insuibihtles 

•  ohmic  wall  losses  in  tlte  cavity  (cavity  heating) 

•  mode  selectivity  iti  a  highly  ovormndod  cavity,  single  mode  operation,  gmxl  mode  soparnllon  of  working  mode  from 
competing  modes 

•  unwanted  mode  conversion  In  die  cicctrodynamic  system  of  tlte  tube 

•  ilionnal  Inaditig  of  (lie  electron  boom  collector 

•  heating  of  the  output  window,  soloctiun  of  output  mode 

•  oniiancoment  of  total  system  efficiency  up  to  5()*6()  %. 

Design  irudO'Offs  attd  operating  limits  ore  nocussory.  riiis  paper  reports  on  uchiovomonts  and  problems  rulntod  to 
tlte  development  of  very  high  power  mm>wavo  gyrotrons  (^or  long-pulie  or  (^W  operation  and  describes  tlte  microwave 
technological  poculiu'ltles  of  the  different  approaches  as  e.g.  conventional  gyrohons  wltii  cylindrical  cavity  (wItJtout  or 
wlUt  intonial  mode  convertor),  Nocoitri  honnonlc  gyroUoits  and  quosl-optical  gyrotrons. 

3.  OYROTOONS  rOR  INDUSTRIAL  AI>I>L1CATIQNS 

Kecently.  gyroUtm  oscillators  also  are  successfully  utillxcd  in  material  processing  (e.g.  advanced  ceramic 
sintering,  surface  hiudening  or  dielocuic  coating  of  metals  and  alloys)  as  well  us  In  plasma  chemistry  |3|.  Such 
technological  uppllcuilons  require  gyrouuns  wlUi  the  following  parameters;  f  2H  (IMz,  >  10-30  kW,  CW,  ii  ^  30  %. 
Thu  use  of  gyroirons  appears  to  be  of  Interest  If  one  can  ruullzc  the  rolailvoly  simple,  low  cost  device  which  l.s  easy  In 
service  (such  us  u  magnetron),  (iyrotroiis  wItJi  low  magnetic  field  (operating  at  the  2nd  harmonic  of  die  oloclroii  cycloutui 
frequency),  low  anode  voltage,  high  ofncieiicy  and  long  lifetime  are  under  development.  The  stale  of  die  art  In  dils  luea  Is 
alsw  brlclly  reviewed  liorc. 


4.  OYK(J.UliVlCH&  LOR  QTllliK  A1»I>L1L’ATU  )NS 

The  iioxi  gciiorutlon  of  lilgh-oitorgy  physics  accelerators  and  die  nosi  frondor  In  iindorslundlng  of  elumoniury 
purilclos  Is  based  on  die  super  collider.  I'or  linear  olectron-poiliron  colliders  diut  will  reach  contor-of-muss  energies  of 
about  I  TeV  It  Is  die  diought  Ihui  sources  at  17  to  35  01  Ir  wiUi  l\,yt  ■  300  MW,  t  ■  0.2  |ts  and  cliurnclorlstics  dial  will 
allow  approximately  KHX)  pulses  pur  second  will  be  iiocessary  us  drivers  |4|.  These  must  bo  phase-coherent  devices,  wlilch 
cun  bo  eldicr  lunpllilers  or  phase  locked  oscllluiors.  ,Such  gunoratori  ore  also  required  for  super  range  resolution  nidur  and 
iiuiiosphcric  sensing  wlduiut  col'oruiit-oii-recoivc  duUi  processing  |b|.  Therefore  dlls  conU’ibuiion  gives  a  short  overview  of 
die  prusoiit  dovciopmem  status  of  CAKMs  gyro-TWAs  and  gyroklystrons  for  such  purposes  as  well  as  of  broadband  gyro- 
HWOm  for  use  as  drivers  for  free  electron  maser  (IKM)  luiipitfiorn.  Very  high  elociroii  beam  quality  Is  required  to  obtain  a 
high  efncleticy  In  diesc  gyru-duvicos.  Dramutlc  Improvenioni  In  performunee  appears  to  be  uchlovublu  by  tapering  of  die 
iiitigneilc  Held  (riunped  Held)  and  In  die  case  of  die  gyro-TWT  also  of  die  waveguide  radius  along  die  axis  of  die 
intoructloM  region  to  muliitaiii  Ihu  re.sonance  condition  over  a  wide  frequency  range.  This  prueiso  axial  coiiiouring  is  a  topic 
of  Intensive  current  study. 
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Far  Infrared  Spectroscopy  of  Manufactured  Solids 
D.R.  Tilley 

University  of  Essex,  Department  of  Physics 
Wivenhoe  Park,  Colchester,  C04  3SQ  U.K. 


Reflection  and  transmission  of  electromagnetic  radiation  is  governed  by  the  frequency  dependent  dielectric 
permittivity  tensor  in  some  cases  with  contributions  from  the  magnetic  ^rmeability  tensor  V  (*»)• 
fundamental  linear  response  functions,  so  the  coiresponding  spectroscopy  occupies  a  central  position  in  the  study  of 
solids.  Generally  speaking,  ^  and  are  the  natural  point  of  contact  between  theory  and  experiment. 


One  of  the  simplest  examples  is  a  cubic  ionic  solid,  for  example  NaCl  or  OaAs.  In  this  case  the  permittivity  is  a 
scalar  e(0))  taking  the  well  known  form 


e(o)) 


/ 

1 

\ 


+ 


(0  j  -  (1)^  -  itor 


(1) 


in  which  (Oj  is  the  TO  frequency  and  f  the  damping.  Hie  normal-incidence  reflectivity  calculated  from  (1)  has  the 
characteristic  reststrahl  form  so  that  reflectivity  measurements  determine  the  parameters  tOr,  (O^  and  f.  In  addition  to  the 
usual  technioues,  attenuated  total  reflection  (ATR),  which  couples  directly  to  surface  polaritons,  may  yield  additional 
information^^^  In  complicated  cases  the  complementary  techniqe  of  Raman  specuoscopy  may  give  direct  determination 
of  phonon  frequencies.  Developments  of  this  form  of  phonon  spectroscopy  include  the  study  of  soft  modes  and 
onharmonicities  in  ferroelectrics 


Recently,  the  combination  of  FIR  and  Raman  spectroscopy  has  been  brought  to  bear  on  the  phonon  spectra  of 
semiconductor  superlattices^*’.  Th"  macroscopic  symmetry  of  these  engineered  materials  is  uniaxial,  so  that  e^(m)  has 
different  in-plane  and  normal  components  (u)  and  (to).  Since  normal-incidence  reflectivity  is  governed  by 
(to)  alone,  oblique-incidence  and  ATR  measurements  are  necessary  for  a  full  study.  In  short-period  samples,  confined 
optic  phonons  of  the  right  parity  all  contribute  to  so  that  a  series  of  resonances  appears  in  place  of  the  single 
resonance  of  (1).  A  full  understanding  of  these  effects  calls  for  detailed  theoretical  modelling  together  with  the 
spectroscopic  studies. 


Excitation  of  electron-hole  pairs  across  the  band  gap  governs  the  fundamental  absorption  edge  in  semiconductors, 
although  in  the  usual  group  IV  and  III-V  materials  the  frequency  is  visible  or  near  Infrared  and  therefore  outside  the  scope 
of  this  review.  The  similar  phenomenon  of  the  breaking-up  of  Cooper  pairs  in  a  superconductor  gives  an  absorption 
threshold  at  photon  energy  ho)  >  2A,  where  2A  is  the  energy  gap.  The  determination  of  2A  by  this  means  was  a 
major  achievement  of  FIR  spectroscopy  some  30  years  ago^^\  Similar  studies  in  the  high-temperature 
superconductors  have  proved  diffrcult  because  the  features  related  to  the  energy  gap  appear  as  only  a  few  percent  of 
background. 


From  the  theoretical  point  of  view,  both  electron-hole  and  collective  electron  effects  are  contained  in  the  Lindhard 
function  n  (q,  (o),  for  which  a  general  expression  may  be  found  from  quantum-mechanical  linear  response  theory.  Far 
infrared  properties,  because  of  the  long  wavelength,  are  governed  by  the  limit  q  0,  fl  (o,  (o).  In  the  simplest  case  of  a 
free-clectron  gas  the  die'eciric  function  derived  from  FT  (o,  to)  is  the  simple  plasma  expression 
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c((i))  -  1  -  cOp/o)^  (2) 


in  which  0)p  is  *he  plasma  frequency.  Of  course,  this  can  be  derived  by  more  elementary  means.  Tn  doped 
semiconductors  (Op  generally  lies  in  the  FIR  and  spectroscopic  features  depend  on  the  combination  of  (1)  and  (2).  Again, 
an  important  modem  application  is  the  study  of  doped  semiconductor  superlattices^^\ 


Considerable  theoretical  attention,  but  less  experimental  work,  has  been  devoted  to  magnetoplasmas,  In  the  presence 
of  a  magnetic  Held,  the  scalar  (2)  is  replaced  by  a  gyrotropic  tensor;  in  the  plane  transverse  to  the  magnetic  field 


fti  iejN 

,-‘£2  El, 


(3) 


where  and  Z2  both  have  poles  at  the  cyclotron  resonance  frequency  o)^  ■  eB/m*.  One  important  consequence  is  that 
surface-related  properties  become  non-reciprocal,  that  is,  they  change  when  B  Is  reversed^^l  For  example,  the  oblique- 
incidence  reflectivity  has  this  property,  R((a,-B)  ^  R((a.B).  Although  theoretical  studies  have  been  pursued,  for 
example,  as  far  as  detailed  investigadon  of  magnetoplasma  superlattices,  experimental  work  is  less  advanced. 


Whilst  effects  in  the  visible  and  near-infrared  are  governed  solely  by  ^((o),  with  no  contribution  fromti^((o)^^\ 
magnetic  response  can  play  a  port  in  the  FIR.  In  general  V  (<»)  should  have  poles  at  the  appropriate  resonance 
frequencies,  which  are  in  the  microwave  region  for  ferromagnets  but  in  the  FIR  for  antiferromagnets.  Ferromagneis, 
which  arc  antiferromagnetlcally  coupled  but  with  a  net  moment,  have  both  a  low-frequency  ferromagnetic  resonance  and  a 
higher  frequency  antiferromagnetic-type  resonance.  The  form  of  ti^((o)  h^  been  derived  for  a  number  of  cases^^\ 
including  the  spiral  and  cone  sp|n  orderings  found  in  some  rare  ea^  metals^°l  Here  again,  the  theory  has  been  pursued 
much  further  than  experimenters  The  first  experimental  results^ ''  of  what  is  planned  as  a  sustained  Investigation  of 
magnetic  systems  show  the  non-reciprocal  reflection  off  the  uniaxial  antiferromagnet  FeP2  with  beautiful  clarity. 


With  the  development  of  powerful  crystal  growth  techniques  like  molecular-beam  epitaxy  and  continuing  advances  in 
lithographic  methods,  an  ever  greater  variety  of  manufactured  solids  and  solid-state  structures  will  appear.  FIR 
spccU'oscopy  can  and  should  play  a  mqjor  part  in  the  investigation  of  these  materials.  The  general  principle  that  one  is 
studying  the  elementary  excitation  spectrum  via  the  linear  response  functions  ^'^(o))  and  t>^(ci})  will  continue  to  apply, 
but  the  details  will  show  considerable  variety. 
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Critical  technologies  for  atmospheric  composition 
measurements  by  microwave  limb  sounding 

G.  E.  Peckham  and  R.  A,  Suttie 
Heriot-Watt  University,  Edinburgh 


Limb  sounding  technique 

Limb  sounding  radiometers  determine  the  concentrations  of  atmospheric  constituents  by  measuring  thermal 
emission  fi-om  the  atmospheric  limb  along  a  tangent  path  (f!g  1).  h^crowave  limb  sounders  have  the 


weighting 

funetlon 


Fig  1  Geometry  for  limb  sounding 


antenna 

djftolc  ^  ^ 


calibration 

target 


to  other 
radiometers 


Fig  2.  Radiometer  components 


following  properties: 

►  By  viewing  the  atmospheric  limb 

*  Species  are  identifled  through  their  spectral  signatures  contrasted  against  a  cold  space  background 

*  The  viewing  geometry  provides  good  (-3  km)  vertical  resolution 
«  Vertical  profiles  are  obtained  by  scanning  the  antenna  in  elevation 

*  Global  maps  are  produced  by  a  combination  of  satellite  motion  and  earth  rotation 

*  Atmospheric  pressure  is  available  fi'om  measured  line  widths  so  that  precise  platform  pointing 
information  is  not  necessary 

*  The  long  atmospheric  path  gives  sensitivity  to  species  with  low  abundance 
^  By  using  thermal  emission 

e  Measurements  are  made  continuously  during  both  day  and  night 

*  Reliable  in*flight  calibration  is  provided  by  onboard  targets 
^  At  microwave  frequencies 

*  Thermal  emission  is  relatively  insensitive  to  temperature 

*  Aerosols  and  ice  clouds  have  negligible  effect 

*  The  high  spectral  resolution  of  heterodyne  receivers  allows  measurement  of  individual  line  shapes  so 
that  contaminating  lines  can  be  removed 

The  basic  components  of  a  microwave  limb-sounding  radiometer  are  shown  in  figure  2.  Radiation  from  the 
atmosphere  is  focused  by  an  antenna  onto  a  mixer  where  the  frequencies  are  down-converted  so  that  signals 
can  bo  amplified  electronically.  The  amplifier  outputs  (possibly  after  farther  down-conversion) 
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are  analysed  by  spectrometers  which  record  the  signal  power  spectrum  across  selected  IF  bands.  A  number 
of  radiometers  may  be  fed  fi'om  a  common  antenna  and  calibration  system  through  a  sequence  of  dichroic  or 
polarising  beamsplitters. 

Performance  requirements 

Microwave  limb  sounders  operate  at  millimetre  and  sub-millimetre  wavelengths.  Frequencies  range  from 
60OHz  (O2  emission  used  by  UARS  MLS'  and  MAS‘  to  sense  pressure),  through  205  OHz  (CIO  emission 
UARS  MLS  and  MAS)  to  6400Hz  (HCl  and  CIO  proposed  for  BOS  MLS.  AMAS’  and  MOSES^)  and 
2.STHZ  (OH  proposed  for  BOS  MLS’).  Throughout  ^e  troposphere  and  stratosphere,  lines  are  pressure 
broadened.  To  resolve  lines  in  the  upper  stratosphere,  resolutions  of  order  IMHz  are  required,  whilst  to 
reliably  record  a  line  originating  at  the  tropopause,  a  bandwidth  of  order  lOHz  is  needed.  Larger  IF 
bandwidths  (up  to  20OHz)  aliow  many  atmospheric  constituents  to  be  measured  using  a  common  mixer  and 
local  oscillator. 

Technologies  for  nUUimetre  and  sub-ndllimetre  wave  radiometers 

A  number  of  critical  technologies  needed  to  build  a  microwave  limb  sounding  radiometer  are  identified 
beiow.  Designs  for  ail  these  components  exist,  but  Anther  development  would  improve  performance 
particulariy  at  frequencies  of  a  few  hundred  gigahertz  and  above. 

►  Optics 

•  Dichroic  beam  spiitters  (allows  antenna  to  be  shared  by  several  radiometers) 

*  Sideband  Alters  (rejects  signals  in  image  sideband) 

►  Mixer 

♦  Fundamental  pump  Schottky  diode  mixer  (best  signal  to  noise  if  adequate  LO  power  available) 

*  Subharmonic  pump  two-diode  mixer  (has  broader  bandwidth  and  simpie  LO  coupling) 

*  Singie  diode  harmonic  mixer  (can  operate  up  to  terahertz  frequencies) 

•  SIS  mixer  (low  noise,  low  LO  power  requirement,  must  be  cooled  to  ~4K) 

^  Local  Oscillator 

♦  Gunn  (up  to  ~100GHz),  or  frequency  multiplied  Gunn  (up  to  -ITHz) 

*  FIR  (Far  Infrared)  laser  for  terahertz  frequencies 

►  IF  ampliAers 

♦  Based  on  HBMT  transistors  for  low  noise,  high  bandwidths  (good  noise  performance  up  to  ~20GHz) 
>•  Spectrometers 

•  Filter  bank 

♦  Acousto-optic 

*  Chirp  transform 

*  Digital  autocorrelator 


Microwave  Limb  Sounder  on  Upper  Atmosphere  Research  Satellite. 

Microwave  Atmospheric  Sounder  on  Space  Shuttle. 

Advanced  Microwave  Atmospheric  Sounder  (under  development). 

Molecules  in  Outer  Space  and  in  Barth's  Stratosphere  (under  development). 

Microwave  Limb  Sounder  for  Earth  Observation  System  (under  development  for  Chemsat  mission). 
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Radiometer  system  noise  temperatures 

The  most  critical  item  is  the  mixer.  With  no  RF  amplification  (impractic^  at  frequencies  greater  than 
~100OHz),  the  dominant  source  of  receiver  noise  is  fTom  this  device.  Mixer  noise  temperatures  are  listed  in 
the  following  table  together  with  the  corresponding  radiometer  noise  temperatures  after  making  allowance 
for  pre-mixer  losses  and  IF  amplifier  noise.  These  figures  are  derived  from  experience  with  practical 
devices*’  where  these  exist,  otherwise  estimates  have  been  made. 


Table  2.  Microwave  radiometer  system  noise  temperatures 


RPfttquMioyCOHx) 

100.0 

300.0 

400.0 

600.0 

1,800.0 

3,300.0 

Ptf-mixtr  low  (dB) 

O.J 

0.3 

0.3 

0.3 

0.3 

0.3 

MIxirnolM 

mm 

1.3 

0.9 

1.1 

1.3 

3.0 

3.3 

3.0 

7.0 

14.0 

10.0  19.0 

ttmpirttur*  (lingl* 
ildtband,  tO*X) 

1.0 

1.3 

3.3 

2.0 

4.0 

3.3 

7.0 

- 

- 

- 

i.a 

E9 

1.3 

3.0 

2.S 

S.0 

4.0 

8.0 

- 

- 

- 

Mix*  Mnvmion 

Si 

6.0 

7.3 

8.0 

8.3 

9.0 

9.3 

iwn 

11.0 

11.3 

11.3  13.0 

loM  (dB) 

».i 

9.0 

10.3 

11.0 

JJ.3 

i2.0 

12.3 

13.0 

- 

.. 

9.i 

10.0 

11.3 

13.0 

n.s 

12.0 

12.3 

13.0 

- 

- 

- 

M<ttehingloN(dB) 

o.a 

0.3 

1.0 

1.0 

... 

... 

... 

M. 

1.0 

1.0 

AmpIlfltrnoiM 
t«n^»iur«  (K) 

ii 

90 

30 

no 

... 

... 

... 

... 

... 

43 

170 

SyntmnoiM 

0.9 

3.0 

1.3 

3.0 

3.0 

4.6 

3.3 

7.3 

wm 

18.0 

13.0  34.0 

tampiritur*  (ilngl* 

1.4 

4.3 

3.1 

3.9 
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8.3 

3.1 

n.o 

B 

- 

•IcMiwd.  lO'K) 

3.a 

6.1 

3.9 

1.6 

4.1 

10.0 

6.0 

16.0 

B 

- 

- 

Table  3.  Key  to  table  2  entries 


Low  (80  K) 
temperature 

High  (300  K) 
temperature 

Narrow  band  IP  2-<4  0Hz 

... 

Wideband  IF 

3-18  OHz 

<12  OHz 

>12  OHz 

Figures  in  italic  not  yet 
demonstrated 
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D.  N.  Matheson,  private  communication 
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Potential  of  millimetre/sub-millimetre  heterodyne  instruments  to  sound  atmospheric  composition 

B.  J.  Kerridge 

Rutherford  Appleton  Laboratory 
Chiltem,  Didcot,  Oxon,  0X1 1  OQX,  UK 

1.  INTRODUCTION 

Changes  to  atmospheric  composition  are  of  central  importance  to  stratospheric  ozone  depletion 
and  to  global  climate  change  and  specific  measurement  requirements  can  be  identified,  both  for 
investigation  of  mechanisms  and  for  monitoring.  The  attributes  of  heterodyne  measurements  at 
millimetre  and  sub-millimetre  wavelengths  appear  particularly  well  suited  to  these  requirements, 
especially  for  the  Important  lower  stratosphere/upper  troposphere  region,  and  certain  critical 
molecules  can  be  measured  only  at  these  wavelengths.  Many  of  these  attributes  have  already  been 
demonstrated  at  microwave  and  nallimetre  wavelengths  by  ground-based,  aircraft,  balloon  and  most 
recently  .space  instruments.  Technological  advances  are  now  providing  access  to  the  sub-millimetre 
region  as  well. 

This  paper  will  describe  the  advantages  of  heterodyne  measurements  for  atmospheric 
composition  sounding  and,  by  reference  to  Instruments  which  are  currently  in  the  development  or 
study  phose,  will  illustrate  how  technical  progress  in  key  areas  has  significantly  Increased  the  potential 
of  such  measurements  for  stratospheric  ozon research  and  for  climate  research. 

2.  A7TRIBUTES  QF  MM/SUB-MM  HETERODYNE  MEASUREMENTS 

There  are  a  number  of  advantages  inherent  to  emission  sensing  at  long  wavelengths.  Notable 
among  these  are  insensitivity  to  aerosol  and  comparatively  low  .sensitivity  to  ice  and  water  clouds; 
attributes  which  have  long  been  exploited  by  nadir-viewing  satellite  sensors  to  sound  surface 
properties  and  meteorological  variables.  The  recent  successes  of  the  Microwave  Limb  Sounder 
(MLS)  on  the  Upper  Atmosphere  Research  Satellite  (UARS)  and  the  Millimetre-wave  Atmospheric 
Sounder  (MAS)  on  ATLAS  1  and  2  have  in  large  part  been  due  to  their  insensitivity  to  stratospheric 
aerosol  injected  by  the  Mt.  Pinatubo  eruption  in  1991  and  to  polar  stratospheric  clouds.  It  is  also  well 
established  that  the  much  weaker  dependence  of  Planck  function  on  temperature  at  long  wavelengths 
means  that  data  Inversion  is  less  sensitive  to  temperature  uncertainties  and  to  temperature  itself,  which 
is  useful  for  sounding  composition  in  a  cold  region  such  us  the  tropopause  when  viewing  through  an 
intervening  warm  region. 

Less  widely  recognised,  is  the  advantage  of  measuring  atmospheric  emission  which  is  strictly 
thermal  in  origin.  The  rotational  and  fine-structure  transitions  which  give  rise  to  most  spectral  lines  at 
sub-millimetre  and  longer  wavelengths  occur  in  the  ground  electronic  and  vibrational  states  where 
populations  are  governed  by  collisions  and  so  the  source  fimctlon  in  the  equation  of  radiative  transfer 
can  be  represented  simply  by  the  Planck  function  evoluated  at  local  kinetic  temperature.  By  contrast, 
at  shorter  wavelengths  there  are  many  examples  of  non-thermal  emissions  pumped  by  radiative  or 
chemical  processes  which,  although  interesting  in  their  own  right,  can  significantly  complicate  data 
inversion  in  the  stratosphere  and  above.  Under  many  circumstances,  radiative  transfer  at 
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sub-millimetre  and  longer  wavelengths  is  more  straightforward  to  model  than  for  IR  emission  or  solar 
backscattered  radiation  in  the  UV  and  visible  regions. 

An  important  advantage  of  the  heterodyne  technique  is  the  comparatively  high  spectral 
resolution  which  can  be  attained.  This  allows  spectral  interference  to  be  minimized  and  the 
pressure-broadened  lineshape  to  contribute  height  information  to  augment  that  due  to  viewing 
geometry  alone.  The  former  is  of  considerable  benefit  for  sounding  the  lower  stratosphere  and  upper 
troposphere  where  Interference  can  often  be  a  limiting  factor.  The  latter  has  already  been  exploited  by 
ground-based  instruments  to  sound'  the  stratosphere  and  mesosphere  from  below  and  will  be  of  great 
value  for  satellite  sounding  of  constituents  such  as  0,,  CO,  NO,  OH,  and  HO,  in  the  lower 
stratosphere  and/or  upper  troposphere  where  their  abundances  are  much  smaller  than  at  higher 
altitudes. 

In-flight  radiometric  calibration  for  longwave  emission  measurements  is  inherently  accurate 
and  is  not  expected  to  degrade  significantly  with  time  so,  assuming  pie-Hight  characterisation  of  the 
antenna  and  calibration  system  to  be  adequate,  such  measurements  should  provide  u  reliable  means  to 
monitor  critical  constituents  from  space. 

a.  CAPABlLlTIElEQa.SmiQS£HERI£.QZai^.RESEARai 

The  major  objective  of  current  stratospheric  ozone  research  is  to  explain  the  larger  than 
piedicted  depletion  in  global  ozone  and  the  especially  significant  depletion  at  northern  high  latitudes 
obseived  during  the  last  decade  by  ground-based  Dobson  spectrophotometers  and  confirmed  by 
TOMS  on  Nimbus  7.  The  underlying  cau.se  is  believed  to  he  anthropogenic  emissions  of  chlorine  and 
to  a  lesser  extent  bromine,  which  eventually  give  ri.se  to  catalytic  cycles  which  destroy  ozone  in  the 
lowcr  stratosphere. 

To  further  investigate  the  'processes  responsible,  it  will  therefore  be  necessary  to  observe 
stratospheric  ozone  and  constituents  which  are  implicated  in  its  destruction,  especially  in  the  height 
range  1.5  to  25  km.  A  number  of  these  constituents  can  now  be  turgetted  by  millimetre/sub-milllmetre 
instruments  including  halogens  (CIO,  HCl,  HCXil,  BrO,  and  CH,C1),  hydrogen  oxides  (H,0,  OH, 
HO,,  and  HjO,)  and  nitrogen  oxides  (NjO,  NO,  NO,,  and  HNO,). 

A  number  of  atmospheric  windows  exist  at  millimetre  and  sub-millimetre  wavelengths  in 
which  to  sound  stratospheric  composition.  With  few  exceptions  (nb.  HjO,  O,,  and  O,),  the  intensities 
of  stratospheric  emission  lines  uiti  weak  and  reach  maximum  values  in  the  sub-millimetre  region.  The 
inverse  dependence  of  half-power  beam  width  on  frequency  also  means  that  adequate  ("  I  km)  vertical 
resolution  for  limb-viewing  is  more  readily  achieved  at  shorier  than  ut  longer  wavelengths. 
Sub-millimetre  limb-viewing  is  thcrcfoie  an  especially  suitable  technique  with  which  to  sound 
stratospheric  composition. 

Three  areas  of  technological  advance  will  be  of  particular  benetlt  to  stratospheric  sounding;  (i) 
attainable  frequency,  (ii)  sensitivity  and  (iii)  spectral  bandwidth.  Examples  of  new  airborne 
instruments  which  will  seek  to  exploit  these  advances  for  stratospheric  ozone  research  are  (i)  2.5  THz 
receiver  to  detect  OH,  HO,,  H,Oj  and  HOCl,  (ii)  high-sensitivity  5(X)  and  690  GHz  receivers  to  detect 
CIO  and  BiO  and  (iii)  850/950  QHz  receiver  to  detect  NO.  These  instruments  are  all  European 
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colluborutions  intended  to  have  their  initial  flights  on  the  German  DLR  Falcon  during  1995-6.  All 
will  exploit  the  capability  of  the  acousto-optic  spectrometer  to  measure  over  a  bandwidth  of  SI  GHz. 
The  2.5  THz  receiver  depends  upon  technical  innovation  in  two  ureas;  firstly  for  fabrication  of  a 
waveguide  mixer  of  significantly  smaller  dimensions  than  has  been  possible  hitherto  and  secondly  for 
development  of  a  gas  laser  local  oscillator  which  is  sufficiently  compact  for  use  on  the  Falcon.  The 
500  and  690  GHz  receivers  will  employ  superconductor-insulator-  superconductor  (SIS)  mixers  in 
order  to  attain  the  high  sensitivity  needed  for  measurement  of  CIO  and  BrO.  For  the  850/950  GHz 
receiver,  an  SIS  mixer  will  be  developed  to  operate  at  a  higher  frequency  than  has  previously  been 
demonstrated. 

It  is  generally  accepted  that  the  performance  and  teliability  of  heterodyne  technology  at 
frequencies  below  1  THz  has  reached  the  stage  at  which  space-borne  instrumentation  can  be  proposed 
to  monitor  stratospheric  ozone  and  other  critical  constituents.  For  example,  the  ODIN  project 
proposes  to  launch  a  sub-millimeU*e  receiver  for  joint  aslronomy/atmospherlc  science  re.search  in 
1997.  In  the  longer  term,  NASA  has  approved  the  successor  to  UARS  MLS  for  flight  on  the  EOS 
Chemistry  platform  in  2002  and  ESA  are  engaged  in  a  study  of  sub-millimetre  instrumentation  for 
possible  launch  on  ENVISAT-2  on  a  similar  timescale. 

4.  CAPABILITIES  FOR  CLIMATE  RESERCH 

A  major  objective  of  climate  re.search  is  to  understand  the  full  implications  of  increasing 
atmospheric  concentrations  of  greenhouse  ga.ses  and  other  truce  constituents.  It  has  long  been 
appreciated  that  the  direct  effect  of  increasing  COj,  CH^,  NjO  and  other  pollutants  would  be  to 
increases  the  "greenhouse  effect".  However,  global  warming  has  yet  to  be  detected  unambiguously  in 
the  historical  record.  Furthermore,  a  number  of  complicated  feedback  mechanisms  have  been 
postulated  involving  physical,  chemical  and  biological  proces.ses  on  land,  in  the  ocean  and  in  the 
atmosphere,  which  combine  to  make  the  climatic  respon.se  to  giecnhouse  forcing  difficult  to  model. 
In  addition  to  monitoring  sea-surface  temperature,  meteorological  variables  and  other  indicators  of 
climate  change,  additional  ob.servations  will  be  needed  to  investigate  the  mechanl.sms  which  control 
climate. 

Atmospheric  composition  is  one  of  the  most  critical  ureas  in  which  new  measurements  are 
needed.  In  particular,  since  water  vapour  is  the  major  greenhouse  gas,  its  global,  height-resolved 
distribution  in  the  troposphere  plays  a  central  role  in  climate  feedback.  The  next  generation  of 
downward-viewing  operational  sounders  such  us  the  Advanced  Microwave  Sounding  Unit  will 
measure  emi.ssion  IV  'm  the  183  GHz  HjO  line  in  .several  spectral  intervals  up  to  ±  7  GHz  from  line 
centre  to  derive  height-resolved  information  for  numerical  weather  prediction.  This  information  will 
ul.so  be  of  value  for  climate  research,  especially  for  the  lower  troposphere  (ie.  pressures  greater  than 
3(X)  mb).  However,  better  height  resolution  is  needed  in  the  upper  troposphere  (ie,  pressuics  less  than 
.3(K)  mb)  which  is  important  for  givenhouse  forcing  becuu.se  temperature  contrast  with  the  surface  is 
greatest.  Furthermore,  the  downward  viewing  IR  spectrometric  techniques  which  arc  under 
development  for  operational  plulfornis  will  have  difficulty  .sounding  humidity  in  this  region  becuu.se 
their  height  resolution  depends  upon  temperature  lup.se  rate  (which  by  definition  is  zero  at  the 
tropopaUiSe). 
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An  alternative  method  which  has  been  proposed  to  sound  water  vapour  and  other  constituents 
in  the  upper  troposphere  is  millimetre  limb-sounding,  for  which  the  principles  have  already  been 
established  by  stratospheric  measurements  from  balloon  and  satellite  platforms.  Several  advantages  of 
millimetre  measurements  referred  to  in  f  2  could  be  applied  here  to  good  effect  and  good  height 
resolution  1km)  should  be  achievable  for  an  antenna  of  reasonable  si/.e,  A  number  of  technical 
advances  now  make  possible  the  measurement  of  a  broad  spectral  region  (5-10  GHz)  at  comparatively 
high  resolution  (50-100  MHz)  in  single  side-band  mode.  This  would  enable  spectral  lineshapes  of 
H^O  and  several  other  molecules  to  be  well  resolved  and  spectral  baseline  to  be  characterized 
adequately,  which  in  turn  would  minimize  sensitivity  to  clouds  and  the  anomalous  water  vapour 
continuum. 

A  proposal  is  curiently  in  preparation  for  an  airborne  broad-band  millimetre  receiver  operating 
in  the  200,  300,  325  and  350  GHz  regions.  This  instrument  is  intended  to  demonstrate  the  feasibility 
of  measuring  HjO,  0,,  CO  and  other  gases  in  the  upper  troposphere  and  lower  stratosphere  and  will  be 
accompanied  by  an  ancilliury  optical/IR  cloud  detector.  It  is  envisaged  that,  if  succe.ssful,  a 
space-borne  version  would  be  proposed,  possibly  us  companion  to  a  sub-millimetre  instrument  on 
ENVISAT-2. 
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THE  ENEA  COMPACT  MILLIMETRE  WAVE  PEL 

A.Doria,  G.P.Gallerano,  E.Giovenale,  M,F,K{mmitt,  GMessina,  AJtenieri 

ENEA,  Area  INN,  Dipartimento  Svtluppo  Tecnologie  di  Puma,  P.0,  Box  65 

00044  Frascati,  (Rome)  Italy 

Introduction 

Conventional  Free  Electron  Laaen  (FELa)  auffer  from  aome  drawbaoka  related  to  the  large 
ske  of  most  electron  beam  (e>beam)  accelerators  that  implies  high  costs,  system  complexity  and 
shielding  requirements.  In  the  Far  InfraRed  (FIR)  and  MUilmetre  (MM)  wave  region  the  FEL  can 
meet  the  demand  of  compacmess  following  several  approaches  involving  the  different  sub'systems 
of  the  device.  For  example  the  low  e*beam  energies  required  (<  10  MeV)  allow  the  use  of  smdl  size 
accelerators  like  Radio-Frequency  (RF)  Linacs  or  Microtrona.  The  increased  performance  in  terms 
of  gain  at  wavelengths  in  the  FIR  and  MM  also  requires  a  shorter  length  of  the  interaction  region, 
thus  allowing  the  use  of  shon  period  undulators  and  small  number  of  periods  and  resulting  fai  a 
better  efficiency.  Following  these  considerations  a  compact  FEL  source  in  the  MM  wave  range  has 
been  realised  at  ENEA  Frascati. 


Experimental  Set-up 

The  experimental  layout  (see  Fig.l)  has  been  naliaed  in  1989  [1]  as  a  test  facility  for 
compact  free  electron  devices.  The  facility  employs  a  5  MeV  mlorotion  as  e-beam  source  powered 
by  a  i  GHt  2,5  MW  magnetron.  For  the  present  experiment  the  energy  has  been  lowered  down  to 
2.3  MeV  in  order  to  operate  in  the  "zero  sli^aip"  condition  [2].  The  microtron  delivers  electron 
bunches  of  15  ps  duration  and  d  A  of  peak  current  spaced  by  the  RF  period.  This  train  of  pulses  is  4 
^4?  long  and  can  be  produced  at  a  repetition  rate  up  to  50  Hx,  The  e-beam  goes  through  a  straight- 
line  transport  channel,  made  up  of  3  quadiupoles  and  two  deflecting  coils,  up  to  the  undulator.  The 
SmCo  pennanent  magnet  linear  undiUator  has  a  period  Xu"^.5  cm  and  is  Nm8  periods  long;  it  is 
capable  of  producing  an  on-axis  magnedo  field  of  6,3  kOauss  at  a  s»p  of  6,5  mm,  A  WR42 
waveguide  is  used  inside  the  undulator  g^>  to  confine  the  radiation  and,  the  small  transverse 
dimensions,  introduce  new  features  on  the  FEL  kinematics  and  dynamics  [2].  A  Fabry-Perot 
resonator  with  a  variable  length  has  been  realised  utilising  wire  grid  polarisets  as  Bectron 
Transparent  Mirrors  (ETM)  [3].  The  radiation  is  extracted  at  90^  degrees  by  means  of  an  ETM 
mesh  and  is  analysed  in  a  shielded  separated  area. 

Results  and  Theoretical  Comparison 

Ihe  presence  of  the  waveguide,  that  is  a  spectral  dispersive  element,  ituide  the  undulator 
alters  the  radiation  generation  mMhanism  [2]  intr^ucing  new  tuning  possibilities  in  addition  to 
those  traditional  for  the  FBLs.  The  spontaneous  emission  band  for  the  waveguide  PEL  la  very  broad 
and  for  our  device  has  been  measured  to  range  from  1,5  mm  to  4,5  mm;  this  gives  a  wide  possibility 
of  lasing  action  provided  that  a  frequency  selective  element  is  used.  Our  laser  has  two  such  elements: 
the  first  is  the  optical  cavity  itself  and  ^e  second  is  the  presence  of  the  RF  haimonics  due  to  the 
bunched  nature  of  the  electron  beam  [4].  The  combination  of  these  two  elements  together  with  the 
gain  ftinction  gives  a  measured  laser  action  between  2,1  mm  Ind  3.5  mm,  obtained  by  only  changing 
the  cavity  length  [S].  The  experimental  tuning  curve  is  reported  in  Flg.2  and  reveals  the  well-known 


asymmetric  behaviour,  The  maximum  output  power  is  obtained  when  a  higher  number  of  harmonics 
are  sustained  in  the  cavity  and  this  happens  at  X"*2.6m/n.  Moving  along  the  tuning  curve  the 
radiation  output  changes  its  temporal  and  spectral  characteristics  because  the  optical  pulse  formation 
is  determined  by  the  harmonics  that  are  simultaneously  longitudinal  modes  of  ^e  cavity.  The 
maximum  output  power  delivered  by  the  FEL  ^1.5  kW  over 
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Figl :  FEL  experimental  layout  Fig.2:  FEL  intensity  vs.  resonator  length  variation 

Developments  and  Applications 

The  flnt  improvement  that  will  be  done  on  the  layout  is  the  installation  of  a  15  MW  Klystron, 
instead  of  the  Magnetron,  as  RF  source  for  the  accelerator.  In  the  new  configuration  it  will  be 
possible  to  change  the  time  duration  of  the  electron  pulse  from  2  |if  to  i2  making  possible  some 
studies  of  FEL  physics  on  the  signal  built-up. 

A  new  undulator  is  under  construction,  it  has  N"/6  periods  and  will  be  utilised  on  the  same 
device  to  extend  the  operating  range  in  the  FIR  down  to  300  pm.  For  this  experiment  the  electron 
energy  will  be  raised  again  to  its  maximiun  value  of  5  MtV. 

The  BNEA  compact  PEL  has  been  utilised,  and  will  be  in  the  ftjture,  for  ^ipUcation  in 
physics.  In  the  present  configuration  the  laser  has  been  utilised  fbr  testing  fast  detectors  in  the  MM 
wave  range  (see  these  Conference  proceedings). 

In  the  FIR  configuration  it  will  be  utilised  as  a  test  prototype  for  a  for  an  experiment  of 
spectroscopy  of  atomic  levels  in  muonic  hydrogen.  The  experiment  will  be  performed  in 
collaboration  with  INFN-Trleste  (Italy)  and  PSI-Villigen  (Switzerland)  [6]. 
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A  Electron  Masor  is  beinj^  duHigat'cl  for  ECRH  applications  on  future  fusion  tlcvicos,  The 
FEM  will  have  an  oiitpnt  power  of  1  MW,  a  central  frtajuency  of  200  GH/  and  will  be  adjustable 
uvt.'r  the  (!ojni)lete  freiiuency  range  of  125  GH/<  to  260  GH/.. 

The  FEM  operates  with  a  thernuonic  electron  gun.  Fast  tnnability  is  achieved  by  variation  of 
the  Voltage.'  of  the  2  MeV  electrostatic  accelerator.  The  undulator  and  nunw  sy«t('in  are  locatcal 
in  a  terminal  at  a  voltage  of  2  MV,  inside  a  vessel  filled  with  SFu  at  a  i)re8nur('  of  7  bar,  Aftcu' 
interaction  with  the  nun  waves  in  the  undulator,  the  energy  of  the  electron  beam  will  be  recovered 
by  meana  of  a  decelerator  and  a  inulti-stago  depressc’d  collector.  The  -low  emittance-  electron 
beam  will  be  completely  straight  to  minimize  ciirrent  losses  to  less  than  20  inA,  This  current  is 
to  be  delivered  by  th<!  2  MV  dc  accelerating  voltage  power  supply,  Simulations  indicate  that  the 
overall  efflci(’ncy  will  be  over  50  %, 

The  interactiiui  betW(,'i!n  the  electron  b('a,m  and  tlu!  mm  waves  is  sinndaled  iising  buMi  a  1-D, 
non-stationary  c.ode  and  a  fully  3-D,  stationary,  amplififu'  code?.  Results  with  both  codes  will 
l)e  pre,sent(.!d,  indicating  that  -with  a  he.aui  cvirrent  of  12  A-  an  output  power  of  1  MW  can  !»' 
generated  for  all  reejuired  frecpa'iicies  with  a  beam  energy  ranging  from  1,3  Mt'V  (for  126  GHz) 
to  2  MeV  (for  250  GHz), 


The  mmw  system  of  the  FEM  will  be  an  oscillator,  consisting  <»f  a  waveguide  amplifier  section  and 
a  lei’dback  system  (st-e  Fig.  1).  For  th<!  oversized  waveguide  inside  the  tmdtdator  a  rectangular 
cornigatt'd  HEn  waveguide  is  chosen  with  a  cross  section  of  15x20  mm^.  Dehind  the  \mdulator 
the  mm  waves  will  be  st.'parated  from  the  (dectron  beam  by  means  (jf  a  wtepped  wav('guide  [1,2], 
Here  th(<  width  of  tin?  wa/egtiide  chang(!s  step-wise.  As  a  result  of  this  sti'p,  th<<  initial  HEn  beam 
iw  splitted  into  two  identical  ofl’-axis  HEn  beanis  at  abmit  1,5  m  from  tlu?  step,  At  this  position 
two  mirr(.>rs  can  be  located  with  a  hole  in  hetwe«!n,  larg«!  enotigh  to  l«'t  the  electron  beam  pass 
without  disturbing  the  mmw  beams. 
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At  the  mirrors  the  two  mniw  beams  are  reflected  witli  adjustable  phases  by  changing  the  position 
of  one  of  the  mirrors.  This  enables  a  0-100  %  variation  of  the  reflection  coefficient;  the  fraction 
of  the  power  that  goes  back  through  the  interaction  waveguide  to  the  input  side  of  the  undulator. 
At  this  position  a  100  %  reflector  is  located  based  on  the  same  principle.  The  remaining  power  is 
evenly  divided  over  two  output  beams,  these  can  be  recombined  to  make  the  1  MW  output,  Very 
encouraging  low-power  measurements  on  a  prototype  separation  system  will  be  shown. 
Tunability  is  achieved  via  variation  of  the  width  of  the  waveguide  a  (after  the  step),  which  is 
given  by  a  sa  \/2A£,  where  L  is  the  length  of  the  electron-beam/mmw  splitter:  1.6  m.  A  system 
is  being  designed  to  move  the  sidewalls  of  the  splitter  in  order  to  optimize  the  dimension  a  for 
all  frequencies  from  a  =  60  mm  for  260  GHz  to  a  =  85  mm  for  126  GHz.  This  system  enables  to 
vary  the  frequency  over  the  complete  range  of  125  to  260  GHz  by  just  changing  the  accelerator 
voltage,  the  splitter  width  and  the  reflection  coefficient.  All  this  can  be  controlled  remotely. 
Detailed  simulations,  which  take  the  propagation  of  the  nimw  beam  in  the  cavity  and  the  inter¬ 
action  with  the  electron  beam  into  account,  show  that  00.8  %  of  the  minw  power  is  in  the  HEn 
mode. 

T^'ansport  of  the  mm  waves  from  the  electron  beam/mmw  splitter  to  outside  the  pressure  vessel 
will  be  done  in  the  following  way.  The  two  mmw  output  beams  (see  Fig.  1)  are  combined  to 
one  beam  by  means  of  a  combiner  system;  the  same  system  as  the  splitter  mentioned  before,  but 
this  one  working  in  the  reciprocal  way.  By  using  a  quasi-optical  confocal  mirror  system  the  single 
beam  is  transferred  to  the  insulator  tube.  This  is  a  tube  very  similar  to  the  2  MV  accelerator 
tube.  However,  to  lot  the  rnm  waves  pass  from  the  2  MV  level  to  earth  potential  a  wider  -taperecl- 
bore  hole  is  used  for  the  electric-fleld  steering  eieutrodus. 

The  vacuum  barrier  will  bo  a  window  at  the  Brewster  angle.  For  the  first  stage  of  the  project 
a  single  disc  will  be  sufficient  to  withstand  100  ms  pulses.  For  the  long  pulse  experiments  novel 
ideas  like  a  double  disc  Brewster  window  arc  being  worked  out. 

Iialfir.gn.ggg 

[1]  LA.  Rivlin,  Lnaev  Focus  (1981)  p.  82. 

[2]  G.G.  Denisov,  D.A.  Lukovnikov  and  M.  Yu.  Shmelyov,  this  conference. 
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Fig,  1,  The  niinw  system  of  the  FOM-Fision-FEM 
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ABSma 

There  is  an  ongoing  program  at  the  FOM  institute.  The 
Netherlands,  to  develop  a  1*MW,  long-pulse.  200-OHz  Free 
Electron  Maser  (FEM)  using  a  I>C  accelerator  system  with 
depressed  collector.  We  present  an  extrapolation  of  this 
design  to  more  than  4  MW  of  output  microwave  power  in 
order  to  reduce  the  cost  per  kW  and  increase  the  power  per 
module  in  a  plasma  heating  system. 

Introduction 

The  FOM  Institute  for  Plasma  Physics,  The 
Netherlands,  is  now  constructing  a  Free  Eiectron  Maser 
(FEM)  to  be  used  as  a  high-frequency  tunable  microwave 
source  for  heating  fusion  plasmas.'  llils  source  has  been 
designed  to  ultimately  operate  CW  at  the  1-MW  power 
level  over  an  adjustable  tuning  range  of  150-250  QHz.  The 
design  philosophy  is  to  use  a  high-voltage,  DC  beam 
system  with  depressed  collector  in  order  to  make  the  overali 
wall  plug  efficiency  40-50%,  The  high-voitage,  1.75-MV 
power  supply  provides  only  loss  current  (-  30  mA)  while 
the  12-A  beam  current  is  supplied  by  the  100-200  kV 
collector  supplies. 

A  compatible  microwave  Interaction  circuit,  couplii^ 
system  and  wiggler  magnet  is  shown  in  Figure  1 .  Tbe 
rectangular  corrugated  circuit  operating  in  HEn  mode  is 
very  low  loss  capable  of  handling  multi-megawatts  of 
power  CJW.  The  stepped  waveguide  system  allows 
feedback  and  output  coupling  in  highly  ovetmoded  guide 
while  maintaining  mode  purity.  The  two-stage  stepped 
undulator  allows  for  Increased  electronic  efficiency  while 
maintaining  high-quality  focusing. 

There  is  an  interest  in  extrapolating  this  design  to 
higher  powers  in  order  to  reduce  the  cost/kW  and  develop  a 
more  compact  microwave  system.  The  most  straight 


forward  extrapolation  is  to  Increase  the  current  beyond 
12  A  to  as  high  as  30  A,  keeping  as  much  of  the  system  the 
same  while  ensuring  the  integrity  of  the  beam-focusing 
system  and  CW  power-handling  capability.  The  cost 
savings  occur  because  the  high-voltage  supply  costs  scale 
slowly  with  current. 

High-Current  Design 

It  is  important  to  note  that  tbe  1 .75-MeV  beam  radius  is 
determined  by  emittance  in  the  10  to  30-A  range.  As  tbe 
beam  current  increases,  tbe  emittance  is  also  allowed  to 
increase  in  order  to  keep  the  electron  charge  density  flrom 
Increasing  excessively,  causing  problems  due  to  ionization 
of  background  gas.  The  increase  in  emithmee  does  not 
degrade  microwave  Interaction  efficiency. 

The  original  focusing  system  for  the  low-current  design 
can  be  used  even  though  the  beam  radius  increases  by  40%, 
the  charge  density  increases  by  20%,  and  the  emitumce 
increases  by  a  factor  2.  The  low-loss  corrugated  waveguide 
system  can  handle  up  to  5  MW  with  acceptable  wall 
loading  (<  1  kW/emh.  Fhrtber  stepping  of  the  waveguide 
would  be  required  to  separate  the  power  into  4  output  ports 
each  having  corrugated  distributed  cooled  windows  capable 
of  handling  ~  1  MW  CW  power.^  Table  1  gives  the 
modified  30-A  design  from  tbe  original  FOM  design.  It  is 
still  assumed  that  the  depressed  colleaor  can  recover  90% 
of  tbe  power  and  dissipate  up  to  5  MW. 

Computer  Simulations 

Tbe  FEM  performance  was  modelled  using  a  hilly  self- 
consistent  3D  multimode  non-wiggle  averaged  computer 
code  including  both  AC  and  DC  space  charge  effects.*  The 
beam  is  modelled  as  several  hundred  particles  which 
represent  a  specified  emittance  and  charge  density  profile. 
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Fig  1.  Selwmatio  ol  MMW  oavlty  of  FEM  showing  atap  undulator,  wavaguldt,  and  raflaolionfouteoupting  aystam. 


*ThU  work  wai  parTonned  under  the  auiploat  of  the  U.  S.  Depirtatenl  of  Bnei0  by  the  Lawreme  Livermare  National  Laboratory,  under  conttad  W*740S-En|-4S. 
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FEM  ParamMtrs 

FOM  Daaign 

Extrapolatloit  of 
FOM  Design  to 
High  Power 

Nat  MIcrowava  Output 

1 .3  Megawatts 

4.7  Megawatla 

Baam  Current 

12  H'npapes 

30  amperes 

Beam  Volaga 

1.7b  MaV 

MTIM 

Rattactiun  Coaltictant 

20% 

20% 

Baam  aniManca 

SO  t(  mm  m  rad 

00  X  mm  m  rad 

Baam  radtus 

0.02  mm 

1.2Smm 

Ovaratt  total  langih 

158  cm 

ion  cm 

No.  lul  parloda  Sacllon  1 

20 

17 

No  lul  ^iloda  Sadlon  2 

13 

Paak  v^tarlMd  Sadlon  1 

2.0  kO 

Mmi 

Peak  Migglartlald  Sadlon  2 

1.0  kQ 

1.5  kO 

Inter  wigglar  gap 

0.0  cm 

6.4  cm 

Wiggler  period 

4cm 

Mma 

Wavaguldt  moda 

HE.i  radangulv 

•ante 

Wavagulda  halghi 

2crti 

tame 

Wavagukto  wWlh 

1.5  cm 

eama 

Frequency 

200  QH2 

sattfia 

High  voSage  Iota  current 

<40  iWllampt 

<100  mHlampa 

D^ieeaed  oolaolor  ettldency 

00% 

eama 

Wal  plug  atflclenoy 

40% 

50% 

Table  1.  Extrapolation  of  FOM  Doalgn  to  High  Power 


Figure  2  shows  the  prediction  for  steady  state 
microwave  power  generated  as  the  bcant  traverses  the 
wiggier.  The  step-tapered  wiggler  enhances  the  power  by 
almost  2.5  times  to  4.7  MW.  Figure  3  shows  the  beam 
cross  section  upon  entering  and  exiting  the  wiggler.  The 


Rg  2.  Not  miorowavo  powor  gonaratod  m  langth  for 
axtrapolatad  hlfFi  powor  daoign  of  Tablo  I. 


Fig  3.  Tranavarao  boam  oroaa-aootlon  In  rootangular 
wavoguldo  at  (a)  ontranoa  to  undulator  1  and 
(b)  axlt  alda  of  undulator  2  aftar  travaraing  atop 
wigglor  IntoraoUon  roglon 


beam  increases  by  a  factor  of  2  in  sl/,c,  but  is  still  well 
confined  and  centered  in  the  original  waveguide  structure. 
The  electron  energy  spread  in  tlic  beam  after  the  interaction 
is  about  300  keV. 

A  number  of  simulations  were  performed  at  various 
currents  between  1 2  and  30  amperes  with  each  case  being 
optimized.  The  results  arc  shown  in  Figure  4,  which  shows 
how  the  output  power  scales  with  beam  current  assuming  a 
roughly  fixed  charge  density.  The  dependency  goes  faster 
than  linear  (~  I^-^)  because  the  FEM  efficiency  increases 
with  current. 


Rg.  4.  Tbo  dopondonoo  of  miorowavo  output  powor 
on  boam  currant  for  tho  configuration  of  Rg.  1. 


Conclusion 

The  i-MW  FEM  now  being  built  at  FOM  could  be 
upgraded  to  as  much  as  4.7  MW  by  Increasing  the  current 
from  12  to  30  amperes,  still  keeping  many  of  the  key  design 
parameters  constant  (voltage,  wiggler  configuration, 
microwave  waveguide  system). 

The  upgraded  design  can  greatly  reduce  the  cost/kW 
since  power  supply  costs  at  fixed  voltage  Increase  slowly 
with  current  (much  less  than  linear)  while  output  power 
increases  faster  than  linear  with  increasing  current. 
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Abstract 

A  high  power  (10  MW),  ultra-short  pulse  (10  ps  to  1  ns),  mllllmeter-wave  (35  GHz  to  100  GHz)  Free-Electron  Laser  (PEL)  ex¬ 
periment  Is  currently  underway  at  UCLA.  The  devloe  Is  energized  by  a  1i.«2  cell  8-band  photocathode  RF  llnac  which  produces 
electron  bunches  In  the  3-4  MeV  energy  range,  with  pulse  FWHMs  ranging  between  3  and  1 0  ps  and  charges  up  to  1  nC.  The 
copper  photocathode  Is  driven  by  a  1  ps  HWHM  frequency-quadmpled  NdiYAG  laser.  TTie  electron  bunch  is  transversalty  ac¬ 
celerated  by  a  8.4  cnvperlod,  helically  polarized  wiggler.  Because  the  electron  bunch  Is  much  shorter  than  the  PEL  wavelength, 
all  electrons  coherently  radiate  spontaneously  in  the  free-space  limit,  where  slippage  is  Important.  In  the  TE„  grazing  limit, 
where  the  axial  bunch  velocity  matches  the  electromagnetic  wave  group  velocity,  the  device  behaves  as  a  superradiant  hlgh- 
galn  Compton  PEL  ampllller,  seeded  by  the  coherent  spontaneous  radiation  produced  at  the  wiggler  entrance.  Since  the  beam 
is  prebunched,  efficiencies  are  very  high.  Detailed  studies  of  the  temporal,  spiral,  power  and  phase  characteristics  of  the  radi¬ 
ation  produced  in  both  regir.ies  are  planned. 


1.  Introduction 

The  study  of  ultra-short,  hlgh-power,  mllllmeter-wave  and 
FIR  pulses  of  coherent  electromagnetic  radiation  has  numer¬ 
ous  applications  ranging  Dorn  chemistry  and  surface  and 
solid-state  physics  to  the  next  generation  of  ultra-wideband  ra- 
dara.  A  strong  effort  Is  currently  underway  at  UCLA  to  develop 
high-brIghtness,  ultra-short  pulsed  electron  sources  for  co¬ 
herent  electromagnetic  radiation  generation.  These  new  de¬ 
vices  are  based  on  hIgh-gradient  RF  photourthode  linacs. 

The  1i/2  cell  RF  gun  operates  at  2,856  GHz  with  a  20  MW 
SIAC  klystron.  The  strong  electric  field  built  up  vrlthln  the  half 
cell,  near  the  photocathode,  quickly  accelerates  the  photo¬ 
electrons,  thereby  maintaining  a  very  low  beam  emittance. 

The  photocathode  Is  driven  by  a  ftaquency-quadrupled 
NdiYAG  laser  with  2  ps  FWHM  and  produces  a  bunch 
charge  ranging  from  10  pC  to  1  nC.  The  beam  energy  ob¬ 
tained  at  the  output  of  the  1 1/2  cell  llnac  is  In  the  3-4  MeV 
range  [1], 

The  electron  bunch  Is  subsequently  transversalty  acceler¬ 
ated  by  a  2  m  long,  8.4  cm-perlod,  3  kG,  helically  polarized 
wiggler,  as  shown  In  Fig.  1,  to  produce  hlgh-power  coherent 
electromagnetic  radiation  in  the  Ka-band.  Theoretical  calcula¬ 
tions  show  that  In  the  coherent  spontaneous  radiation  limK, 
where  the  bunch  essentially  behaves  as  an  accelerated  point 
charge,  peak  power  levels  In  excess  of  1  MW  can  be 
achieved  with  RF  pulse  lengths  ~  1  ns.  In  the  waveguide 
TE^,  grazing  limit,  where  supenadiant  hlghgain  Compton 
FEL  amplification  is  obtained,  the  power  levels  are  even  high¬ 
er,  In  excess  of  10  MW,  with  pulse  widths  ranging  between  10 
ps  and  100  ps.  The  waveguide  interactbn  region  has  a  cutoff 
frequency  of  11  GHz. 

2.  Coherent  Spontaneous  Radiatlon(Free-8pace  Limit) 

In  this  section,  we  consider  the  radiation  process  of  a  spa¬ 
tially  extended  charge  distributk>n  accelerated  in  a  helically 


polarized  wiggler  field.  In  the  t-D  limit,  the  bunch  velocity  and 
(^arge  density  fields  are  given  by 

gfz.f)"''  M  +  Pi['S'oos(ktvZ)+>sln(AwZ)],  (1) 
p(z,  0  =  exp[-(z  -  p//Cf)*/Az2]  (2) 

Here,  kw  «  2nllw  is  the  wiggler  wavenumber,  Iw  Its  period, 
gis  the  total  charge,  and  Az  Is  the  axial  width  of  the  electron 
bunch.  It  Is  easily  seen  that  the  continuity  equation  is  satisfied 
by  Eqs,  (1)  and  (2).  The  transverse  velocity  Is  given  In  terms 
of  the  wiggler  Held  Bw  by  Pi  »  eBw/yomokwO,  and  energy 
conservation  yields 

(3) 

Yo 


Following  the  der^/atlon  given  by  Jackson  [2],  we  can 
evaluate  the  distiitArtlon  of  energy  radiated  on-cuds  per  unit 
solid  arigle  and  per  unit  frequency  for  a  Nw  period  long  wlg- 
gter,  with  the  following  result. 
cf^/(0  =  0) 

doadil  len^BocAz*' 


1 df  I  dz[k  cos  (ktvZ)+ 


+^'sln(f(,vZ)]exp 


(Z-P//Cf)^ 

Az* 


I*  (4) 


For  a  point  charge  (Az  ^0),  the  normalized  frequency 
spectrum  Is  shown  In  Fig.  2.  The  main  spectral  line  satisfies 
the  FEL  resonance  condition  ®+(1  -  P//)  =  kwl^f/G,  and  Its 
width  scales  as  1//Vw.  The  total  instantaneous  radiated  power 
scales  as  q* ,  and  is  given  by 

For  our  wiggler  parameters  and  a  1  nC  charge,  we  find 
P= 3.35  MW  and  qvV27i  =  35  GHz.  The  transition  between 
the  coherent  and  Incoherent  spontaneous  radiation  regimes 
can  be  studied  by  evaluating  the  energy  density  In  the  main 
spectral  line  as  a  function  of  the  electron  bunch  axial  width. 
The  resulting  distribution,  shown  in  Figure  3,  Is  given  by 
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qW 


(hdn  8neoC(i  ^  J' 

where  we  recover  the  q*  arxl  Nl  scaling  (coherent  radiation 
process)  artd  where  kte  the  radiation  wavelength.  As  the 
bunch  length  to  wavelength  ratio  increases,  the  radiation  p(x> 
cess  becomes  Incoherent  and  the  power  level  decreases 
dranftatically. 


d*/(tD  = 


Proceedings  of  the  Particle  Accelerators  Conference,  San 
Francisco,  CA.  (1991), 

[2]  Classk>al Ble(trxfynamlcs,  J.D.  JacKson,  (Wiley  and  Sons, 
New  York,  NY.  1975),  Chapter  14. 

[3]  "Prebunched  free-electron  laser",  D.B.  McDermott,  K.C, 
Leou  and  N.C.  Luhmann,  Jr„  Int.  Journal  of  Electronics  66, 
529(1988). 


3.  Superradlant  PEL  Ampllflcatioit 
In  a  waveguide,  the  bunched  beam  will  not  slip  relative  to 
the  wave  If  the  PEL  resonance  line  satisfies  the  grazing  condi¬ 
tion,  dalcdkf/  =  (.)//.  If  the  linear  equations  of  an  Ideal 
prebunched  PEL  [3]  are  solved  for  the  case  of  a  superradlant 
amplifier,  the  power  Is  found  to  grow  spatially  as 
P(z)  =  P(0)  +  2P^«(0)|5z|  +  (§z)^  (7) 

where  we  have  defined 


and  8  is  the  waveguide  radius,  nw^efiw/moc, 
K  « fltv/kwcp//  and  lb  is  the  beam  current.  For  our  exper¬ 
imental  parameters,  shown  in  Table  1 ,  the  output  power  Is  es¬ 
sentially  Independent  of  the  Input  power,  and  reaches  a  level 
of  10  MW  at  35  GHz  In  the  TE,.  mode  for  lb  =10  A  In  a 
length  of  25  cm. 


Bunch  Energy _ [3-4  MeV 

Bunch  Charge _ 10  pC-1  nC 

Bunch  Width _ 1-10  ps 

PeakCunent  10-100  A 

Bunch  Radius _ 1-2  mm 

WIggler  Period  84  mm 

V^ler  Field  3  KG 

Number  of  Periods _ 20 _ 

Frequency  35-100  G 

Operating  Mode  TE„ 

Waveguide  Radius  7.94  mm 

TE, ,  Cutoff  Frequency  1 1  GHz 

Max.  T  ransverse  Velocity  0.3 

Max  Quiver  Radius _ 4.1  mm 

Table  1  Experimental  parameters. 


35-100  GHz 

7.94  mm 
11GHz 


4.1  mm 


Refarancei 

[1]  "Photocathode  driven  llnac  at  UCLA  for  FEL  and  plasma 
Wakefield  acceleration  experiments",  P.  Davis  at  al, 
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Fig.  2  Normalized  on-axis  spectrum  for  a  point  charge. 
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Flg.3  Peak  spectral  Intensity  as  a  function  of  bunch  width. 
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ABSIRACT 

The  new  amplifier  of  millimeter  (MM)  and  submillimeter  (SBMM)  wave  bands  named  as  orofemitron*  is  introduced. 
The  fundamentals  of  the  construction  are  discussed  and  the  most  promising  designs  are  pointed  out.  On  the  basis  of  the 
theory  developed  the  ultimate  output  parameters  of  the  orofemitron  are  estimated. 

2.  INTRODUCTION 

Vacuum  microelectronics  (  VM  )  technology  originating  in  the  silicon  industry  has  been  shown  now  great  promise  for 
novel  microwave  electronic  devices  to  be  created  with  the  applying  of  low  voltage  matrix  field-  emission  electron  sources^  , 
and  among  them  the  new  types  of  MM  &.  SBMM  waves  amplifiers.  One  possibility  is  that  the  new  types  of  Smith-Purcoll 
devices,  named  as  orofemitrons,  may  be  developed  by  the  using  of  the  phenomena  of  microwave  modulation  of  field 
emission*.  This  technique  of  electron  current  bunching  showed  its  effectiveness  both  in  fcmitrom  -  klystron-type  amplifiers 
and  multipliers  of  X-band^  and  in  MM  wave  amplifiers  with  microstrip  electrodynamical  structure^.  As  for  resonance 
amplifiers  based  on  orotron-type  electrodynamical  systems  ,  such  method  of  electron  flow  density  modulation  makes 
orofcmitron’s  construction  more  workable  for  practical  realization  in  comparison  with  multi-resonator  Smith-Purcell 
devices^'**,  whose  opto-electronic  and  electrodynamical  systems  am  essentially  complicated  through  the  extension  of  an 
interaction  space  of  input  section  required  for  effective  electron  beam  bunching  by  the  injected  signal.  By  this  means  the 
perspectiveness  of  the  orofemitron  is  stipulated  by  the  use  in  the  same  design  the  most  effective  in  MM  St  SBMM  wave 
bands  electrodynamical  system  and  the  phenomena  of  microwave  modulation  of  field-emission  . 

3.  DESIGN  AND  THEORY 

The  essential  elements  of  orofemitron  construction  are  the  open  resonator  ,  which  formed  by  short  focus  and  plane 
metallic  mirrors  (  the  reflecting  diffraction  grating  partially  covers  the  lower  mirror  ),  and  the  special  electron  gun 
consisting  of  microstrip  structure  with  the  matrix  field  emitter  ,  whose 
current  is  modulated  by  the  injected  signal,  and  the  electrodes  for 
electron  beam  focusing  and  accelerating.  The  electron  flow  directed  by  a 
longitudinal  static  magnetic  field  is  transmitted  within  immediate  vicinity 
of  the  grating.  The  energy  output  is  provided  through  a  coupling  slot  in 
the  upper  mirror.  The  input  signal  power  P.  amplification  is  accounted 
for  by  the  sharp  slope  of  Fowler^ordheim  current-voltage 
characteristics  of  the  emitter  and  the  effective  distributed  interaction  of 
electron  beam  with  the  open  resonator  field  ,  as  well  as  due  to  the  shaped 
electron  bunches  power  increase  through  additional  acceleration  by 
voltage  Ug  .One  of  such  design  is  diagrammed  by  Pig.. 

I 

The  theory  and  the  estimations  of  orofemitron's  output  parameters  are  depend  on  the  original  mathematical  model  of 
microwave  bunching  of  field  emission  current  and  on  well-known  methods  of  Joint  solution  of  Maxwell’s  equations  A 
equations  of  motion  for  resonant  systems  with  distributed  interaction^’**.  For  the  low  signal  amplification  mode  (  input 
signal  voltage  Ug  «  gate  voltage  )  we  observe  the  dependence  of  maximum  power  gain  factor  of  orofemitron 

•^max  •f*^inp’o^^^l«of'^a  / / R][J /(I  -  J)^  j  -  20  +  30  dB 


27 


Ml. 6 


upon:  R  (np  -  coupling  impedance  of  the  microstrip  structure  ,  the  relative  slope  g„  =  (U,  / (U,  ))(dl„  /  dU^ )  of  the 
current-voltage  characteristic  I„(Up  .accelerating  voltage  Ug  to  anode  voltage  ratio  ,  and  the  relation  J^lQ/lg^  <  1 
between  beam  curient  and  current  I,,  ~  l/Q  of  self-excited  oscillations  of  resonator.  Here  C  is  the  velocity  of  the  light , 


(U, )  -  beam  velocity  ,  R  =  -jCK  /  n)^d(r  -  d)  -  the  radius  of  the  open  resonator 


surface,^  -  wave  length  of  the  input  signal.  It  should  be  noted  that  the  high  Q-factor  of  the  loaded  open  resonator  Q  ~  1000 
in  MM  Sc  SBMM  wave  bands  and  high  efficiency  of  distributed  beam-field  interaction  allow  to  realize  the  values  J  «  0,5 


0.8  with  the  beam  current  I,  *■  0, 1  A. 

In  the  power  amplification  mode  (U,/U  >  0.1  -i-  0.5)  the  considerable  efficiency  t]  --0, 1+0.5  may  be  reached  due  to  the 
severe  hunching  of  electron  beam  and  also  through  the  optimal  conditions  for  effective  interaction  of  the  electron  bunches 
with  the  resonator  field.  The  results  of  numerical  and  analytical  investigation  of  this  process"  showed  that  the  maximum 
efficiency  of  the  orofemitron  is  determined  by  parameters  ,  R  and  X  : 

n..„-lK/c/RI(1.0.25(Xv./c/R)] 

subject  to  the  conditions  that 


v^*v,/(l  +  3(Xv,/c/R)/8)  and  U,/U,-0.5, 

where  v^  is  the  phase  velocity  of  slow  space  harmonic,  a  one  of  the  infinite  number  of  harmonics.excited  in  the  vicinity  of 
the  grating  .  which  is  synchronous  with  the  electron  flow  .  d  •  the  distance  between  the  resonator  mirrors  is  generally  taken 
to  be  small  in  comparison  with  the  curvature  radius  of  the  upper  mirror.  It  should  be  noted  that  for  miniature  short  focus 
open  resonators'*  values  of  r  stood  at  3  +  5  ^  and  d  ~  0.5  r  ,  so  R  S  X.  Therefore,  the  maximum  achievable  efficiency 
depends  mainly  on  acceleration  voltage  Ug  .  In  order  to  estimate  the  maximum  achievable  output  power  levels  ( in  W),  one 
can  use  the  expression'^'"  in  which  U,  is  pointed  in  kV 

a  0.65(1 /R)*u;'Ml-0.25(Xv,  /R/o)). 

Let  us  to  obtain  the  estimation  of  and  for  hemispherical  short  focus  open  resonator  with  rx3.5  1,  d»0.48  r  and  X 
->4.26  mm  applied  in  experiments  with  miniature  orotron*  .  The  choice  of  Ug  -  2.4  kV  yields  the  estimations  for 
maximum  CW  output  power  and  as  follows  :  P^^  a  24  W  and  a  13%. 


The  latest  achievements  in  the  VM  technology  and  miniature  opt'n  resonators  design  used  for  development  of  the 
Smith-Purcell  devices  allow  to  create  compact  high  stability  amplifiers  with  output  power  P  m1+I00  W  and  efriciency  r|~10 
+40%  in  the  MM  and  SBMM  ranges  of  electromagnetic  wave  spectrum.  Furthermore,  the  orofonitron  type  construction 
has  attached  interest  as  synchronous  generators ,  multipliers  and  mixers  for  the  same  frequency  bands. 
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IBSIRAOS 

The  elf  eot  of  the  profiled  f  ooualnsnuMpietio  field  on  the  operation  of  the 
orotron  is  studied.  The  two-dimensional  model  of  the  beam-wav«^  interaction 
is  described.  The  deoz^ase  of  the  starting  current  and  ef  f  tcienoy  enhancem¬ 
ent  are  possible  for  chosen  theoretical  model . 

1 .  !l!IlBOiaeriGAI.llODlL 

The  longitudinal  do  magnetic  field  (UP )  is  used  in  the  vacuum  microwave 
devices  for  focusing  (TWT.  orotron  etc. )  and  beam  phasing  (magnetron.  gyz*o- 
tron  etc .  ) .  Bf  f  eot  of  the  UP  space  distribution  on  the  output  oharaoterls- 
tlos  may  be  significant .  In  the  present  work  we  consider  the  starting  con¬ 
ditions  and  nonlinear  oharaoteristios  of  the  orotron  with  localized  magne¬ 
tic  nonuniformity  (UIN) .  The  modification  of  the  UP  space  distribution  re¬ 
sults  in  dlstorslon  of  the  electron  trajectories  and  complex  beam-wave  in¬ 
teraction  In  the  open  resonator. 

Self-ooslstent  nonlinear  equations  and  their  small-signal  approximation 
are  used  for  the  theoretical  study.  The  normalizedUP  longitudinal  oompo-. 
nent  dependence  Is  approximated  by  the  Oauss  function  In  the  IMN  area^ 

B„  -  1  +  ANexpt-((y-yN)/lwN)f*  3  (1) 

where  An.  yw,  WN  -  the  lUN  parameters i  y  -  longitudinal  coordinate j  L  - 
interaction  space  length.  Combining  Iq. (1 )  and  divergence  relation 
(dlvB«0)  yields 

B^  -  (2An/(1wn)*  )(y-yx)(z-ZN)exp[-((y-yM)/LwNf  ]  (2) 

where  Z  -  transversal  coordinate!  ZN>C0n5t. 

The  longitudinal  do  UP  Is  Intense  enou«^  so  that  the  ripples  of  the  elec¬ 
tron  beam  boundaries  can  be  neglected.  Uoreover .  we  assume  UIN  to  be  weak 
(l.e.  Bjt<<B„). 

e.  DISOOSSION 

Pig.  1  Illustrated  the  starting  current  dependence  on  the  lUN  center  posi¬ 
tion.  The  dotted  line  gives  I»  i  value  In  the  case  of  iualfoz*mMP  (An  *  0 ) . 

The  dashed  curves  correspond  to  positive  values  of  the  parameter  An  •  Posi¬ 
tive  and  negative  valxiss  of  An  Indicate  accordingly  the  enhancement  and  we¬ 
akening  of  the  UP  In  LUN  area .  In  both  oases  the  starting  current  decrease 
is  achieved.  Dependently  on  the  An  sign  the  UIN  should  be  situated  on  the 
opposite  grating  ends .  These  results  can  be  explained  by  transformation  of 
the  rf  amplitude  distribution  In  the  beam  frame.  It  Is  known  that  the  vari¬ 
ation  of  the  amplitude  distribution  influences  on  the  beam-wave  Interaction 
and  In  this  manner  the  efficiency  can  be  significantly  enhanoea  . 
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Flff  .2  shows  the  meaclmum  eleotron  sff lolsnoy  T]  (at  values  of  the  Initial 
eleotz*on  veloolt^r  forwhlohthe  theox*etloal  model  has  peak  effloienoy)  as 
fvinotlon  of  the  parameter  yn  for  several  values  of  the  parameter  An  (  An<0  ) . 
All  dependenoes  ax*e  plotted  at  the  fixed  beam  current.  Dashed  line  gives 
the  T)  valTxe  for  usual  uniform  ICP.  Curve  1  corresponds  to  the  case  when 
Interception  of  eleotx*ons  by  grating  Is  absent .  There  lo  wide  area  of  the 
yN  values  where  T]  Is  enhanced  In  comparison  with  the  case  when  An-0  . 

When  the  fraction  of  the  eleotron  beam  Is  striking  the  grating,  the  LMN 
center  should  be  situated  on  the  Intez^o  tlon  space  end  ( curve  2  and  3 ) .  In 
this  area  the  majority  of  the  eleotrons  being  Intercepted  are  In  the  region 
where  bunches  are  located  in  phase  position  such  that  they  sure  extracting 
energy  from  the  wave .  Thus .  the  Interception  results  In  phase  selection  of 
the  eleotrons .  The  decrease  of  the  accelerated  eleotrons  amount  leads  to  wi¬ 
dening  of  the  Initial  eleotron  velocity  region  where  oscillations  exist  suid 
eleotron  efficiency  enhancement . 

3.  GONGLUSIONS 

Using  the  nonuniform  foouslngMF  It  Is  possible  Improve  starting  oharaote- 
ristlos  ( starting  current  decreases )  and  enhance  the  efficiency  of  the  orot- 
ron.  The  transformatlonof  the  rf  amplitude  distribution  In  the  beam  frame 
Is  the  main  mechanism  of  the  staurtlng  ouxoront  decrease.  The  enhancement  of 
the  eleotron  efficiency  Is  obtained  due  to  phase  selection  of  the  eleotrons. , 


1  .E.N.0darenkOiA.A.&hmat*ko.  '*The  effect  of  the  static  magnetic  localised 
nonuniformity  on  the  starting  oharaoterlstlos  of  the  resonant  0-type  genera¬ 
tors'*.  Padlotehnloa  1  Slectxonloa.  V.37.  N6.  pp.  901-909.  1992. 

2. U.M. Tarasov, 0. A. Tretyakov, A. A. Shmat'ko.  "Optimisation of  the  field  In 
0-type  electronic  x*esonant  generators" ,  Radlotehnloa  1  Bleotronloa,  V  .33 , 

N1  .  pp.  141-148,  1988. 


Flg.l  .  Starting  cuTTont  as  Fig. 2.  Efficiency  vs  yw/L  for 

a  function  of  the  parameter  yN/L.  different  values  An. 
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ABSTRACT 

We  present  the  results  of  development  and  study  of  sub  mm  range  vacuum  sources,  that  arc  carried  out  in  the 
Institute  of  Radiophysics  and  Electronics  of  Ukrainian  Academy  of  Sciences  (IRE). 

^INTRODUCTION 

The  broadening  of  fundamental  study  area  in  THz  region  of  spectrum  Is  limited  by  the  absence  of  easy  changed 
small-sized  sources  in  the  frequency  range  from  0.3  to  3.0  THz,  In  the  sixties  in  IR  E  the  main  attention  was  directed 
on  the  development  of  sub  mm  wave  sources  with  easy  frequency  change'. 

2.THE  RESULTS  OF  STUDY  AND  DEVELOPMENT 

S.l.Impulse  and  continuous  clynotrons 

Backward  wave  tubes,  namely  Impulse  clynotrons  that  were  the  sources  of  coherent  radiation  in  the  frequency 
range  from  0,3  to  0.6  THz  with  output  power  of  500-200  W  correspondingly  were  designed.  The  possibility  to  Increase 
Impulse  power  of  clynotrons  by  the  Increasing  of  operating  current  owing  to  the  increasing  of  transversal  section  of 
beam  area^  was  experimentally  confirmed.  In  according  to  this  the  special  attention  was  directed  to  electrodynamics 
of  slow  wave  structures  (SWSs)  and  to  the  possibility  of  their  single-mode  excitation  by  adequate  band  electron  flows. 
The  experimental  study  of  the  tubes  with  SWS  of  width  of  b**  3/1, 6a  and  12  A  (where  A  is  the  length  of  the  wave  being 
oscillated)  confirmed  that  at  the  broadening  of  SWS  width  did  not  decrease  and  output  power  of  clynotron  versus 
supplied  power  at  different  width  of  SWS.  Electrical  frequency  change  range  of  clynotron  autoosclllations  reaches 
20%  at  A-l.Omm,  12%  at  A-0.5-0.6mm.  Characteristic  stccpncs,s  Af/AU  reaches  3-7  MHz/V.  The  dependence  of 
output  power  at  wavelength  AK).95mm  versus  angle  yi  between  electron  beam  and  SWS  surface,  namely  clynotron 
grid  (beam  thickness  Qo-  0.8mm,  SWS  length  L-  40mm) ,  Is  shown  In  Flg.2.  One  can  sec  the  optimum  angle  is  40% 
and  60%  of  beam  current  hit  SWS.  When  the  beam  is  directed  parallel  to  SWS  surface,  clynotron  does  not  excited. 
Characteristic  operating  regime  of  Impulse  clynotrons  is  excess  of  oporoting  current  over  starting  one  in  two  times 
approximately  in  magnetic  field  of  0.6-0.7  T  (starting  mugnctic  field  la  0.2-0.3  T).  Flg.3  presents  the  typical 
dependence  of  output  power  versus  the  strength  of  focusing  magnetic  field  from  1 .2  to  1 .5  THz  with  output  power  of 
several  hundreds  of  Watt. 

Flg.4,  shows  the  dependence  of  output  power  P/Pmox  (solid  lines)  of  clynotron  and  Its  starting  current  ln/Inmin 
(dotted  lines)  versus  the  angle  between  operating  surface  of  slow  wave  structure  and  the  beam  in  homogeneous  and 
unhomogencous  magnetic  field  ut  the  operating  wavelength  A-0.5  mm.  One  can  see  that  excitation  region  by  the 
anglcf  Is/V-'f'  in  homogeneous  mugnctic  field  and  it  Is  equal  to  Ay)  ••  12'  in  unhomoheneous  one.  Operating  voltage 
of  devices  was  4.0-5.5  kV,  operating  current  was  0.15-0,2  A,  strength  of  magnetic  field  was  0.8- 1 .0  T. 

2.2.  Impulse  reflex  klystrons^ 

Breadboards  of  klystrons  of  sub  mm  range  producing  in  impulse  regime  at  the  wavelengths  of  0.95;  0.87  and  0.70 
mm  the  power  of  1 15;  25  and  7  mW  correspondingly,  were  experimentally  designed. 
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2.3.  Orolrons  -  continuous  diffraction  radiation  oscillators  (DROs)^ 

Design  und  study  of  DROs  in  the  range  from  0.3  to  I.OTHz  arc  carried  out  by  Academician  V.P.Shcstopulov  with 
coilaborators.  The  power  of  impulse  DRO  In  the  frequency  range  from  300  to  353  GHz  is  approximately  0.5  W  and 
In  the  one  from  527  to  577  GHz  is  0. 1  W. 

2.4.  Penlotrons,  orbitrons  and  orotrons  at  high  harmonics 

Different  models  of  such  devices  are  laboratory  studied  at  present  time. 

3. CONCLUSION 

The  development  of  vacuum  sources  of  radio  waves  in  the  range  from  0.3  to  3.0  THz  and  corresponding  systems 
and  radar  detectors  are  carried  out  in  IRE  during  30  years. 
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Fig.  1 .  Dependence  of  output  power  on  operating  voltage 
of  impulse  clynotrons,  the  wave:  A-0.8-0.9  mm  slow  wave 
structure  width  1)  b"5  mm,  2>  b-10  mm 


Pig. 3.  Dependence  of  the  power  (I),  being  generated, 
and  current  to  the  collector  (2)  of  impulse  clynotron  on 
beam  slope  y? 


q? 
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Fig2.  Dependence  of  wavelength  on  accelerating 
voltage  of  two  impulse  clynotrons 


Pig.4.  Dependence  of  the  power,  being  generated 
and  starting  current  (dotted  lines)  on  the  angle  ip 
between  the  beam  and  slow  wave  structure  surface 
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OptimiKation  of  FIR  photoconductori  for  both  low-  and  high-background  operation. 

S.E.  Cliurrh,  A.G.  Murray,  M.J.  Griffin  miuI  P.A.R  Ade 

Drp  uinuMit,  of  Pliysir.s,  Qticiui  Mary  and  Westfield  College, 

Mile  End  Rond,  London,  El  4NS,  UK. 


1.  INTRODUCTION 

Far  infrared  photoconductora  find  important  applicationn  in  aatronoiny,  Earth  observation  and  laboratory  spectroscopy. 
We  will  n.  view  the  main  performance  characteristics  of  these  detectors,  and  discuss  the  choice  of  detector  type,  readout 
electronics,  operating  temperature  etc.,  for  a  given  application.  The  optimisation  of  two  detector  systems,  one  for 
low-background  space  astronomy  (the  Long  Wavelength  Spectrometer  -  LWS  -  for  the  Infrared  Space  Observatory) 
and  one  for  a  hlgh-background  aircraft  experiment  (SAFIRE  -  Spectroscopy  of  the  Atmosphere  using  Far  Infrared 
Emission)  will  be  described. 

2.  LOW-BACKGROUND  APPLICATIONS 


The  LWS  uses  ten,  Imm^,  doped-Ge  photoconductnrs  for  low-backgro\md  spectroscopy  over  the  wavelength  range 
45-200/(111.  One  GeiBc  detector  Is  used  which  cuts  off  at  50/(m,  the  other  channels  use  GeiGa.  Beyond  120/mi,  the 
cutoff  wavelength  of  the  GciGa  cletocturs  Is  extended  by  the  application  of  uniaxial  stress  to  the  detector  crystals. 
Examples  of  the  spectral  responses  of  a  range  of  LWS  detectors  are  shown  in  Fig,  1. 

The  sensitivity  under  low-background  conditions  (ns  measured  by  the  lowest  achievable  NEP)  Is  limited  by  shot  noise 
from  the  detector  dark  current  and  the  noise  of  the  first  stage  cold  amplifier.  To  minimise  the  latter,  integrating 
amplifiers  (lAs)  are  nsed  (Fig,  2a)  in  which  the  detector  current  charges  up  the  small  (7.5pF)  input  capacitance  of  the 
amplifier.  The  current  can  then  lie  recovered  by  measuring  the  gradient  of  the  Integrating  ramp.  The  integrating  node 
is  periodically  discharged  rising  the  reset  FET.  This  circuit  has  the  disadvantage  of  reducing  the  bias  slightly  during 
an  Integration  but  any  resulting  non-linearity  is  small  and  can  be  corrected  fur.  The  dominant  noise  contribution  from 
lAs  is  the  rcad-nolse  which  Is  about  10  o~.  The  detectors  are  operated  below  4K  to  reduce  the  dark  current.  Excellent 
NEP  values  have  been  measured  for  the  LWS  detectors,  ranging  from  10"  WH/, "  for  GoiDe  to  6  x  10“  WHz“ •i'* 
for  stressed  GciGa*.  The  performance  parameters  of  the  LWS  detectors  are  shown  in  Table  la. 

3.  HIGH-BACKGROUND  APPLICATIONS 


The  rotational  transitions  of  many  Important  lUmospheric  molecules  He  In  the  FIR  spectral  region.  The  SAFIRE 
Instrument  will  study  particular  transitions  in  several  narrow-band  channels  between  30  and  120/(m  using  a  fast- 
scaunlng  Fourier  Transform  Spcctromi'ter  (FTS)^  Consecpiently.  the  detectors  must  have  fast  response  as  well  as  good 
sensitivity.  In  addition  to  GeiGa  and  GeiDe;  GeiZn.  GenSb  and  ShSb-DID  iletectors  have  also  been  tested  to  try  to 
ma.xlmlse  the  sensitivity  In  each  channel. 

Typical  .SAFIRE  backgrounds  are  estimated  to  be  between  1  and  3llnW  at  the  detector.  The  corresponding  detector 
currents  are  too  large  (>  10*'’es"*)  to  allow  the  use  of  lAs.  In  any  ease,  the  noise  reriuirenients  on  the  amplifiers  arc 
less  stringent  since  photon  noise  dominates  in  this  regime.  Trans-impedance  amplifiers  (TIAs  see  Fig,  2b)  offer  the 
advantages  of  high  detector  linearity  (because  the  detector  bias  remains  constant)  and  the  high  electrical  bandwidth 
required  by  the  FTS,  The  appropriate  measure  of  detector  sensitivity  for  high-background  operation  Is  the  detective 
quantum  efficiency  (DQE),  defined  as  (NEPm,i|i/NEP|,„n«)^  where  NEPin.m  Is  the  theoretical  minimum  value  from 
photon  Huctuations,  The  DQE  and  res|)onslvity  values  for  each  detector  type*  are  shown  in  table  lb, 
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Fimu‘0  l!  Spectral  rcuponee.  of  four  LWS  dctcctore  (i)  GeiDe,  (ii)  unetrcMed  GaGa,  (Hi)  lightly  ntreieed  OeiGa,  (iv) 
highly  Htrcueed  GeiGa. 
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INTRODUCTION 

Firstly  conceived  at  Rockwell  Science  Center  by 
Petroff  and  Stapelbroek  in  1977  (Ref.  1),  the  Blocked 
Impurity  Band  photodetector  (BIB)  is  now  recognised  to 
provide  significant  improvements  in  comparison  with 
conventional  photoconductors.  Because  they  are 
epitaxially  grown,  they  are  easily  developed  in  array 
configurations  having  quite  uniform  pixel  response.  They 
are  inherently  radiation  hard  due  to  their  small  volume.  In 
addition,  they  have  better  noise  characteristics  and  they 
may  give  some  extension  of  the  spectral  response  towards 
longer  wavelengths.  This  paper  presents  some  results  on 
BIB  photodetectors  based  on  antimony  doped  silicon, 
which  gave  a  significant  spectral  responsivity  in  the 
30  |im  wavelength  region. 

BASIC  PHYSICS 

Figure  1  presents  the  doping  profile  in  a  BIB  device 
consisting  of  an  n*lnn*  structure .  It  can  be  described  as  a 
extrinsic  photoconductor  which  contains  between  the  two 
ohmic  contacts  one  active  photoconductive  layer  highly 
doped  and  one  pure  blocking  layer.  Both  layers  are 
epitaxially  grown  on  a  degenerately  doped  n'*'-type 
silicon  substrate.  The  blocking  layer  surface  is  ion 
implanted  with  arsenic  to  give  a  transparent  thin  front 
electrode  for  incoming  far  infrared  radiation. 


n*  I  n  B* 


Fig.  I.  Doping  profile  of  a  BIB  device  measured  by  Spreading 
Reiisiance  with  an  active  layer  Having  I0"‘  cm'^  antimony  atoms. 

The  active  layer  doping  level  is  about  two  orders  of 
magnitude  higher  than  in  a  conventional  photoconductor. 


Tliis  causes  formation  of  an  impurity  band  exhibiting 
hopping  conductivity  (Ref.  2).  However,  when  the  n*-i 
junction  (transparent  contact^locking  layer)  is  positively 
biased,  the  electron  hopping  current  cannot  enter  the  pure 
blocking  layer.  .So,  without  incoming  photons,  the  i-n 
junction  (blocking  layer/active  layer)  drives  no  current 
into  the  blocking  layer  since  there  are  no  impurity  sites 
for  hopping,  and  also  no  electrons  in  the  conduction  band. 
Moreover,  mobile  holes  (ionised  donors)  in  the  active 
layer  are  repelled  from  the  Ln  interface,  leaving  a  space 
charge  region  of  negative  ionised  acceptors  witfi  tihe 
thickness  W. 

When  a  photon  is  absorbed  in  the  .active  region,  thus 
ionising  a  neutral  donor,  an  elecuon  is  generated  in  the 
conduction  band  and  a  hole  in  the  impurity  band.  The 
electron/hole  pair  will  be  separated  by  the  electric  field 
and  always  be  collected  at  the  n*  electrodes  since  no 
recombinaison  can  occur.  Conversely,  a  photon  absorbed 
in  the  neutral  region  does  not  give  photocurrent,  since  the 
electric  field  is  zero  in  this  region  at  zero  bias  current.  To 
increase  the  quantum  efficiency,  one  needs  to  extend  the 
active  charged  region  into  the  entire  active  layer. 
However,  in  order  to  keep  the  internal  electric  field  below 
the  breakdown  value,  the  residual  acceptor  concentration 
should  be  kept  quite  low. 

In  the  following,  we  report  experimental  results  on 
one  BIB  sample  doped  with  10*^  cm'^  antimony  atoms. 


ELECTRICAL  CHARACTERISATION 
The  BIB  structure  can  be  viewed  as  a  condenser 
made  by  the  insulating  blocking  layer  and  the  two  n*  and 
n  layers  as  electrodes  Indeed,  residual  acceptor 
concentration  N,  and  thickness  W  can  be  both  determined 
from  capacitance  measurements  with 


and 


where  b  is  the  blocking  layer  thickness  and  E  the 
semiconductor  lattice  dielectiic  permittivity. 
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C(V)  measurements  have  been  realised  for  different 
active  layer  doping  levels  at  4,2  K  and  at  1  Hz  frequency. 
The  capacitance  decreases  when  a  positive  bias  voltage 
widens  the  depletion  region  according  to  relations  (I)  and 
(2),  Figure  2  shows  the  variation  of  l/C^  versus  bias 
voltage.  The  straight  line  fitting  the  curve  corresponds  to 
a  residual  acceptor  concentration  of  4xl0’^  cm'-^, 

(MK)I3 
IMK)I3 
».(K)I  I 

n. (X)l 

o. mD 
^  tl.(K)t)ll 

().(XKMS 
il.lXXU 
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fl  l)..X  I  I..X  2  2..X  3  3.3 

Blu  viilugei  (V) 


A  remarkable  feature  is  a  huge  enhanced 
normalised  responsivity  near  the  cut  off  region  at  high 
voltages.  This  enhancement  saturates  at  a  bias  of  4  V  and 
two  narrow  peaks  rise  strongly  at  photon  energies  below 
the  impurity  binding  energy.  It  turns  out  that  the  cut  off 
responsivity  at  half  maximum  decreases  by  45  cm"*.  A 
similar  but  smaller  effect  was  observed  in  bulk  Si:Sb 
photoconductors  doped  in  the  range  (l-8)xl0‘^  cm"^ 
(Ref  4).  The  value  of  the  cut  off  wavenumber  shift 
saturates  around  14  cm'*.  Electric  field  induced  impact 
ionisation  of  electrons  in  the  excited  impurity  states  was 
assumed  to  cause  this  effect.  The  cut  off  wavenumber 
shift  is  larger  in  our  sample  which  is  higher  doped,  and 
also  experiences  higher  electric  field  due  to  the  BIB 
structure.  The  two  narrow  peaks  may  arise  from  excited 
states  of  isolated  impurities  statistically  scattered  among 
overlapping  impurities. 


2,  l/C^  curve  versus  bius  viillage. 


At  low  enough  bias  voltages,  the  responsivity  can  be 
expressed  as 


S(V.V) 


Cnq(v)V  N, 
hv  N, 


(3) 


where  o(v)  is  the  absorption  cross  section  at  V 
frequency  and  Cq  the  capacitance  at  zero  bias  voltage 
(Ref.  3).  This  indicates  that  BIB  samples  having  the  same 
N^/Nq  ratio  exhibit  the  same  sensitivity  at  low  bios 
voltages.  As  a  result,  their  I(V)  characteristics  under  the 
same  background  photons  flux  should  be  identical.  Such 
a  behaviour  was  actually  observed  in  three  samples  with 
an  active  layer  doping  ranging  from  10*'*'  to  10*®  cm"®. 


SPECTRAL  RESPONSE 

Spectral  response  measurements  were  performed 
using  a  Fourier  Transform  Spectrometer  at  4  K.  Figure  3 


NEP  MEASUREMENTS 

Responsivity  and  noise  measurements  were 
performed  to  get  the  Noise  Equivalent  Power  as  a 
function  of  bias  voltage  and  at  temperatures  ranging  from 
1.8  to  4.2  K.  All  measurements  used  a  calibrated  optical 
filter  centred  at  320  cm'*.  The  modulation  frequency  was 
1  kHz.  The  photon  background  power  at  detector 
aperture,  estimated  to  46  nW,  gives  an  ideal  background 
limited  noise  equivalent  power  NEPgup  of 
3.8x10'^  W/VHz.  The  optimum  measured  ratio 
NEPgLip/NEP  of  0.35  is  obtained  at  1.8  K  (Ref.  3). 

CONCLUSION 

Blocked  impurity  band  SiiSb  photoconductor  was 
investigated,  including  epitaxial  layers  growth,  sample 
processing,  electrical  and  optical  characterisations  of  the 
device,  and  final  figure  of  merit  measurements. 
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shows  the  spectral  responsivity  at  increasing  bias 
voltages.  All  curves  could  be  normalised  to  the  same 
amplitude  in  the  high  wavenumber  range,  far  from  the 
cut  off. 
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AB§TRA£I  „ 

Ge:Ga  far-infrared  photoconductors  with  dimension  of  C.G-mm**  cube 
have  been  fabricated  for  space  astronomical  applications.  The  detec¬ 
tors  have  excellent  detectivity  at  2K  operation  under  low  phot  on - 
background,  and  also  good  characteristics  such  as  almost  no  spike 
noise,  small  change  in  responslvlty  depending  on  background-photon 
Influx,  almost  no  hook  response,  and  small  am|)litude  of  slow  transient 
response.  We  have  found  that  reponslvlty  to  chopped  Infrared  light  is 
suppressed  at  higher  bias  electric  field,  while  the  responslvlty  to 
step  change  in  Illumination  (DC  response)  increases  normally. 

1. INTRODUCTION 

We  have  fabricated  unstressed  Ge:Ga  photoconductors  as  well  as  a 
three -element  stressed  Ge:Ga  photoconductor  array^  for  the  Infrared 
Telescope  in  Space  (IRTS).  The  small  element  has  been  adopted  to  de¬ 
crease  cosmic-ray  hits  to  the  detectors  in  the  orbit.  The  character¬ 
istics  of  Ge:6a  wafers  and  the  process  for  fabrication  are  the  same  as 
the  detectors  for  balloon-borne  observations^.  We  have  tested  eight 
unstressed  detectors  at  4K  to  2K  under  low-photon  background  to  exam¬ 
ine  the  characteristics  including  nonlinear  behaviors  in  response. 

Table  1  summarizes  the  experimental  conditions  at  2K  including 
background  photon  Influxes  and  the  performance  such  as  responslvlty, 
Q .  E . -photoconduct  Ive  gain  {t}Q)  product.  Please  notice  that  the  NEP's 
in  the  table  are  photon-noise  limited  values  at  1.2  V/cm-bias  field 
under  the  background  photon  Influxes  of  a  few  X  10°  photons/s  and 
include  noises  of  a  preamplifier  and  a  feedback  resister.  The  best 
NEP  was  better  than  1,0X10“^',  obtained  at  around  2  V/cm  (Fig.l). 

3.RESPONS1VITY  CHANGE  DEPENDING  ON  BACKGROUND-PHOTON  INFLUX 

rjO  was  measured  for  step-change  in  illumination  and  for  chopped 
light  at  15  to  210  Hz  under  background  photon  influx  between  1X10°  and 
2X10®  photons/s.  The  change  in  ;?G  was  less  than  a  factor  of  1.3. 

4. SLOW  TRANSIENT  RESPONSE 

The  detectors  showed  the  slow  transient  response  to  step  Increase 
in  illumination  with  a  time  constant  t'-IO  sec.  The  ratio  of  ampli¬ 
tude  of  the  slow  response  to  the  stationary  level  (DC  response)  in¬ 
creases  from  0.1  to  0.4,  according  to  the  bias  field,  while  the  time 
constant  decreased  from  —15  to  —5  sec. 

fAS.T--ReafQ«SE 

Figure  2  shows  ;7G  for  chopped  light  at  15  Hz  and  7.5Hz  as  well  as 
for  step  Increase  in  Illumination  (Indicated  as  DC)  as  a  function  of 
bias  field.  The  figure  displays  that  the  rjG  is  lower  when  chopped  at 
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higher  frequency  and  also  the  rjG  is  suppressed  at  higher  bias  field; 
This  means  a  time  constant  restrains  the  chopped  response  (moderate 
f as t - r e s pons e ) .  We  found  the  time  constant  increases  from  0.015  to 
0.025  sec  between  1.2  and  1.8  V/cm  of  the  bias  fluid. 
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2.6 
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16Hz‘Chopplng  (A/W) 

17G  for  chopping 

0.027 

0.024 
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0.027 
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0.044 

0.048 
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at  15Hz 

NEP  for  chopping 
at  15Hz  (10"^'W/Hz 

i/2j® 
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6.9 
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Responslvlty  for 

4.38 
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5.4 
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DC  signal  (A/W) 

riG  for  DC  Blgnol 

0.055 

0. 1.1 

0.13 

0.060 

0.075 

0.10 

0.074 

0.15 

4.6 

1.4 

1.4 

3.8 

3.6 

3.0 

4.0 

2.4 

Table  1.  Performance  of  Ge:Ga  photoconductors  at  2K. 
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Fig.l.NEP  as  a  function  of  bias  at  2K 


bias  electric  field  (V/cm) 


.  Fig. 2. 770  as  a  function  of  bias 
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EflTecti  of  louliing  radiation  in  GeiGa  and  GeiBe  far>infrared  photoconductori. 


M.  C.  Price  ,  S.  E.  Churcli  ,  M.  J.  Grittin  anil  P.  A.  R  Acle. 

Physics  Dept.,  Queen  Mary  and  Westfield  college,  Milo  End  Bond,  London,  El  4NS. 


1.  INTRODUCTION 

Doped  germanium  photoconductors  cooled  to  temperatures  '^3  K  are  the  most  sensitive  detectors  for  wavelengths  >30 
/tm  .  However  under  very  low  fardnfrared  (FIR.)  backgrounds  '-fW,  expected  in-flight  on  the  ISO  LWS,  these  detectors 
can  exhibit  non-linear  behaviour  which  can  severely  compromise  the  over/ill  sensitivity.  These  nuu-linear  effects  can  be 
broadly  catagorlsed  into  two  types, 

Non-linear  effects  due  to  the  interactions  of  ionising  radiation  within  the  detector  crystal.  This  leads  to  an  increase 
in  the  responsivlty,  dark  current  and  noise  of  the  detector.  Unless  some  form  of  detector  annealing  is  implemented 
post-irradiation  recovery  of  the  detector  takes  i>lace  on  time  scales  Z  8  hours.  Inherent  non-linear  effects  caused  by  a 
step  change  in  the  illundnation  level.  This  can  lead  to  very  long  settling  times  Z  seconds. 

2.  EXPERIMENTAL  SETUP 

Three  different  types  of  doped  Ge  photoconductor  were  tested;  a  Ge:De  detector  sensitive  to  wavelengths  up  to  5&/im  , 
an  unstressed  Ge:Ga  detector  with  a  cutoff  wavelength  of  IDO/im  and  a  stressed  Ge:Ga  detec  tor  sensitive  to  wavelengths 
up  to  185/im .  The  detectors  tested  were  the  Engineering  Qualification  Model  (EQM)  ISO  LW.S  detectors  and  are 
nominally  Identical  to  the  flight  model  detectors  to  lie  uperatwl  in  flight  on  the  LWS.  All  detectors  were  tested  inside  a 
specially  modified  HD3  cryostat.  Irradiation  was  performed  with  an  externally  mounted  lOOmCi  '^^'Arn  CO  keV  "y-ray 
source  to  simulate  the  effects  of  a  transit  through  the  Van  Allen  radiation  belts.  Post  irradiation  annealing  of  the 
detectors  was  performed  by  applying  a  'bias  boost*  across  the  detector.  Dla.s  boosting  involves  applying  an  electric  field 
across  the  crystal  greater  than  the  breakdown  field  of  the  detector.  This  should  sweep  out  any  trap])ed  carriers  and 
restore  the  detector  characteristics  back  to  their  pre- irradiation  levels.  This  was  the  only  method  of  detector  annealing 
Investigated  as  it  will  be  the  only  method  available  on  the  ISO  LWS  during  flight.  Figure  1  shows  the  very  slow  dark 
current  recovery  of  the  EQM  Ge:Ga(u)  detector  after  irradiation  and  the  effects  of  applying  a  bias  boost  to  ‘cure*  the 
detector. 

3,  EXPERIMENTS  PERFORMED 

To  investigate  the  radiation  induced  non-linear  effects  and  the  inherent  non-linear  effects  two  types  of  test  were 
performed.  Irradiation  tests  to  simulate  effects  of  juissage  through  the  Van  Allen  belts.  Experiments  Included:- 


1.  Effects  of  applying  a  bins  boost  to  the  detector  in  the  absence  of  any  ionising  radi/ition  and  subsequent  monitoring 
of  detector  recovery. 

2.  The  effects  of  irradiation  and  the  post-irradiation  recovery  of  the  detector  without  any  annealing. 

3.  The  effects  of  irradiation  and  the  recovery  of  pre-irradiation  detector  characteristics  with  application  of  a  bias 
boost. 


Inherent  non-linearity  tests.  This  involved  metisurlng  the  detector  response  to  a  step  increase  in  illuimnation  under 
different  bias  voltages  and  infrared  flux  levels. 


4.  RESULTS 

Our  irradiation  tests  have  shown  that  bias  boosting  is  effective  in  curing  unstressed  Ge;Ga  detectors  on  time  scales 
of  the  order  of  an  hour  but  is  non  totally  effective  in  restoring  the  dark  current  and  responsivlty  of  Ge:Be  or  stressed 
Ge:Ga  characteristics  to  better  than  a  factor  of  1.6-2  above  their  pre-irradiation  levels  of  and  So-  Increasing 
the  length  of  time  the  bias  boost  is  applied  or  increasing  the  bias  boost  field  strength  does  nut  measurably  alter  the 
recovery  profile.  Table  1  tabulates  the  residts  obtained  for  the  EQM  detectors.  The  quoted  value  of  settling  time  is 
the  time  taken  for  the  detector  to  reach  a  stable  state  where  the  dark  current  and  responsivlty  were  not  dropping 
significantly. 
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Analysis  of  the  iiihei'ciit  non-liiieanitics  to  a  stoji  i'i'.si)onse  in  illuiiiiuation  was  piTluiiia'il  Ijy  Httiii(j;  a  plinncnonologiral 
nioclel  using  three  time  constants  to  tlio  clat<i,  It  is  situwii  that  tlii'i'i-  an'  two  fast  cuiiipononts  (witli  values  ~  a  few 
seconds)  and  a  third,  much  slower,  component  ( ^  u  few  tens  of  seconds).  E.\i)erinients  have  shown  that  all  three 
time  constants  are  weak  function.s  of  illuniinution  level  ami  the  Hrst  two  time  constants  are  >ilso  weakly  dependent 
on  bias  field.  However  the  third  time  constant  has  a  strong  hia.s  <le))endence  and  governs  the  overall  settling  time  of 
the  detector.  Figure  2  illustrates  thi,i  long  settling  time  for  the  EQM  Ge:Ga(u)  detector  operating  at  3K.  Figure  3a 
shows  the  dependence  of  this  time  constant  on  bias  field  and  figure  31)  illustrates  the  weak  dependence  on  infrared 
signal  power.  Ge:Ga  and  Gc:Be  also  show  dilferent  ‘switch-off’  characteristics  to  a  step  decreiLse  in  illumination.  The 
Ge:Be  detector  has  a  much  longer  settling  time  to  a  decrea.se  in  illumination  under  the  same  operating  conditions  as 
the  Ge;Ga  detectors. 


Without  Boost 

With  Doo.st 

Detector 

Gc:Ga(s) 

Go:Ga(u) 

Ge:Be 

GeiGafs) 

Ge:Ga(u) 

GeiBe 

Dorit  Current 
Responsivity 
Settling  time 

14/.?, „„ 

4So 

2'' 

20/;/,.,.^ 

~  14So 

1.5 

2/<?i.iii 

2S, 

2'- 

l-^^/.?u.k 

2So 

1'' 

l/.?,.,i 

ISo 

!'• 

2So 

15'" 

Table  1:  Tabulated  summary  of  re.sults  from  e.>cperiments  performed  on  the  ISO  LWS  EQM  detectors. 


Figure  1:  Dark  current  recovery  after  irradiation  and  l)oo.st  for  the  EQM  Ge:Ga(u)  detector. 


Figure  2:  Illustration  of  inherent  detector 
non-linearities  due  to  a  step  change  in 
illuminatiou  level. 


Figure  3:  Dependence  of  slow  time  constant,  nj 
on  bias  and  Infrared  signal  power. 
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The  Noise  and  Optimum  Operating  Temperature  of 
High  Tc  Superconducting  Infrared  bolometer 

Chen  Juxin,  Shi  baoan,  Wu  Rujia,  Gong  Shuxing 
Shanghai  Institute  of  Technical  Physics, 

Academia  Sinica,  Shanghai  200083 
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Institute  of  Physics,  Academia  Sinica, 

BeUing  100080 


ABSTRACT 

The  temperature  and  the  bias  current  dependence  of  noise  as  well  as 
the  noise  spectrum  for  high  Tc  superconducting  infrared  bolometer 
(HTSIB)  have  been  investigated.  The  influence  of  the  bolometer  structure 
on  device  noise  has  been  discussed.  The  responsibility  spectrum  and  the 
detectivity  D*  spectrum  for  HTSIB  has  also  been  obtained.  The  optimum 
operating  temperature  has  been  determined, that  is  between  T^olzero-re- 
sistance  temperature)  and  To„(the  temperature  at  mid  transition  point),  the 
performances  of  our  HTSIB  arc  D*  (500,10,1)-  3.7  x  lO’cmHz'^^W’and 
noise  equivalent  power  NEP(500,10,1)-  2.4  x  10""WHz"’ 
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Exoltonlc  detectors  of  Infrared  and  submillimeter  waves 

Oennadll  K. Vlasov,  Dmitrll  N. Vylegzhanin,  Elena  I. Chizhikova 

Center  for  Program  Studies,  Russian  Academy  of  Sciences 

SU-1 17810  Moscow,  Russia 

Afismoi 


The  theory  of  Infrared  (IR)  and  submllllmetor  radiation  detec¬ 
tion  In  dlreot-gap  semiconductors  based  on  "quenching”  effect  of  Ra¬ 
man  lines  due  to  Interaction  between  free  and  bound  excltons  Is  pro¬ 
posed.  The  first  experiments  were  performed  which  shows  the  possibi¬ 
lity  to  obtain  NEP  =  at  helium  temperature, 

2. INTRODUCTION 

We  present  the  theory  of  Infrared  radiation  detector  using  opti¬ 
cal  (oontaot-lesa )  read  out  of  a  response  produced  by  IR-slgnal  In 
the  crystal.  Two  main  mechanisms  are  considered,  both  are  grounded  on 
the  effects  of  quenching  by  IR-slgnal  of  spectral  lines  or  bands  of 
secondary  radiation  In  dlreot-gap  semiconductor  crystal  excited  by 
light  In  the  fundumental  absorption  region.  These  lines  are  connected 
with  Raman  light  scattering  (RLS)  due  to  Interaction  between  free  and 
bound  excltons  and  (or)  green  "edge"  radiation  (luminescence). 

Por  every  of  considered  mechanisms  there  Is  possible  to  achieve 
the  theoretical  quantum  limit  for  sensitivity.  The  theory  Is  confir¬ 
med  by  the  experiments  performed  at  helium  temperature  on  OdS  cry¬ 
stals  excited  by  mercury  lamp  radiation. 


Mi 


High  quality  platelets  of  CdS  crystal,  grown  from  gas  phase,  we¬ 
re  excited  at  T=4,2  K  by  Hg-lamp  radiation  through  the  filter  selec¬ 
ting  line  X=365  nm.  The  spectrum  of  Ixjunlnesoence  contains  some  lines 
with  Intensities,  which  Increase  near  linearly  as  the  level  of  UV  ex¬ 
citation  groves  after  the  filter  (X=365  nm)  was  taken  off.  Among  the¬ 
se  lines  there  are  ones  belonging  to  excltons  bounded  on  neutral  ac¬ 
ceptors  (I^),  or  neutral  donors  <uid  ones  which  are  their  LO- 

phonon  replicas,  and  so  on.  Therewith,  the  line  of  above-mentioned 

RLS  reduces  Its  Intensity  In  a1400  times, while  the  wide  band  of "edge" 

emission  -  In  100  times, comparing  with  the  case  of  excitation  through 

the  filter.  Because  this  filter  was  nontransparent  for  IR-radlatlon, 

this  behavior  may  be  lntei?preted  to  be  connected  with  IR-quenohlng. 

Porapumplng  Bourse  for  the  RLS  the  stimulated  emission  on  line  I.  was 

12  ^ 
used  '  .  To  detect  The  middle  IR-radlatlon  one  must  use  the  crystals 

with  dominating  I  -line,  while  to  detect  the  radiation  In  submllllme- 

er  region  one  must  use  the  crystals  with  dominating  Ig-llne.  After  IR 

illumination  the  concentration  of  neuti*al  Impiirltles  that  only  can 
capture  excltons  lowers.  Thus  the  number  of  scattering  centers  for 
RLS  decreases  causing  the  quenching  of  RLS  Intensity. 
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4,THSQRETIQAL  LIMII 


Sl|pial-to-nolse  ratio  In  output  ouroult  of  photomultiplier  is 


a/N 


V  f 

i"^J 


ho) 

_ S  _ 

2e®(P^+p')Av 

O  D 


(1  ) 


where  h(«)-  is  enersp  of  a  photon  of  seoondur'y  visible  radiation,  e  is 

B 

electron  ohai'ge,  is  quantum  pield,  Av  is  bandwidth  of  re^rlstratina 
system,  P/  la  power  of  baoksround  radiation  in  visible  region,  which 
may  be  neglected,  and 

s  Pj^  -  AP|  008  Dtl  -  OP  (2) 


where  in  turn  Pp  is  power  of  (Stoka)RLS  line  without  IR-ill\Jinination, 

AP  is  amplitude  of  quenohincr  by  IR-aignal  with  power  P  ,  OP  is  ampli- 

tude  of  quenching  by  IR-b.  ''  ground  with  power  P^,  Q  is  modulation 

frequency  for  IR-algnal.  Assuming  narrow-band  selection  on  the  fre¬ 
quency  fl,we  have 


t)AP 

hUgAv 


■  P 


hu.Av 


(3) 


Here  it  was  assumed  also,  that  OF,  AP  «  P  ■  Pp  -  OP, 
From  (3)  it  follows,  that 


t 


NFZP  a 


p 


“ir  ^■^ir^" 

“s  J 


(4) 


where  is  angular  frequency  of  incoming  IR-wave,  In  the  oase  of  IR 

quenching  of  RLS  line  coefficient  p  is  defined  by  following  expres¬ 
sion 

*  t  V  d  ®  P 

P  =  _  .  (5) 

8  4*  hu^ 


where  h  is  absorption  ooefflolent  for  XR-photon, oorrespondlng  to  im- 

A 

purity-band  transitions,  t  is  life-time  for  electron  capture,  a  is 
cross-section  of  RLS,  d  is  scattering  length,  9  is  solid  angle  in 
which  the  secondary  radiation  registration  is  performed, and  3  is  cry¬ 
stal  area. Assuming  the  following  values  lor  these  quantities 

2-1  -7  -122  2 

k  sio  cm  ,  talO  s,  calO  cm  .  daO,l  cm,  9as,  SaO, 1  cm  , 

A 

hu  =10^’  J,  Pa4*10"^  W 

B 
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w«  have  p=10“^  and  oonslderln*  •  finally  we  obtalne 

NEP  O'  10"^®  (6) 

As  for  heterodyne  receivers ,  In  our  case  the  main  noise  Is 

3 

oaused  by  strong;  llsht  field  (see.  e.£.  ).  From  th  above,  the  IR 
baokcround  radiation  does  not  restrict  NEP  value  as  lone  as  P^elO^^W. 

The  exoltonlo  detectors  described  here  may  also  serve  as  IR-lma- 
gers  or  TV>photooathodes  with  hl|^  spatial  resolution. 
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New  microwave  detector 
Steponas  ASmontas  and  Algirdas  Sutieddlis 
Semiconductor  Physics  Institute,  Vilnius,  Lithuania 


Point-contact  of  metal-aemiconductor  is  widely  used  as  a  microwave  (MW)  power  detector  or  harmonic  mixer. 
However,  at  high  frequencies,  the  applicationof  such  contact  is  problematic  due  to  small  size  of  the  waveguide. 

We  propose  a  new  typo  of  planar  detector  which  operation  is  tMtsed  on  nonuniform 
electron  heating  by  MW  field.  The  nonuniformity  of  electron  heating  we  have  achieved  using  asymmetrically  necked  thin 
semiconductor  film  containing  n-n*  Junction. 

Vapour-grown  of  n-n  ^-Oa  As  epitaxy  layers  and  n-Si  monocrystal  wafers  were  used  for  fabrication  of  the  detector. 
Ohmic  contacts  to  QaAs  were  made  by  thermal  evaporation  of  separate  Oe/Ni/Au  layers  with  following  thermal 
annealing  in  inert  gas  atmosphere.  Those  contacts  to  Si  were  made  by  thermal  phosphor  difhuion  through  the  windows 
created  in  SiO,  by  photoliiography  method.  As  meul  contact  we  used  the  thermal  evaporated  and  annealed  Al/V/Cu 
undwich.  The  asymmetrically  necked  semiconductor  structure  was  formed  by  chemical  etching  In  the  ca.<ie  of  OaAs,  and 
by  plasma  etching  in  the  case  of  Si.  Then  we  coated  those  structures  with  polyimideflim  of  small  permittivity(B<3) . 
After  thinning-down  the  semiconductor  wafer,  the  semiconductor  material  from  the  ohmic  contacts  were  removed  by 
chemical  etching. 

When  the  relaxation  of  average  energy  of  hot  electrons  can  be  neglected,  i.e.  ((i>t,)'<<  1  (w  is  angular 
frequency  of  MW  field,  is  a  phenomenological  energy  relaxation  time),  a  conductivity  current  exceeds  displacement 
one.  In  this  case  the  voltage  sensitivity  of  the  diode  is' 

where  is  the  detected  signal  of  diode,  P  is  the  MW  power  which  the  diode  have  absorbed,  ARaRa-R,i  is  the  difference 
of  point  contact  resisunce,  when  reverse  and  forward  dc  voltages  U  are  applied. 

Solving  the  current  density,  heat  balance,  heat  flow  density  and  Poison  equations  for  the  electric  current,  passing 
through  the  asymmetrically  necked  semiconductor  structure  with  n-n^  junction,  we  have  obtained  the  dilTerenre  of 
resistance  of  asymmetrically  necked  diode,  when  reverse  and  forward  voltages  are  applied  in  warm  electron  region: 

4(/pPatanei[T|(l*i)*tJ  ^2) 

3Ad*ln(l^((i/d)tana,] 


where  s  is  the  index  of  power  dependence  of  electron  momentum  relaxation  time  on  energy,  tm  Is  Maxwell  relaxation 
time  in  n-region,  p,|io  Is  resistivity  and  electron  mobility  of  n-region  semiconductor  material  respectively,  a,d  are  width 
of  semiconductor  structure  in  the  widest  and  the  narrowest  part  of  diode,  h  is  thickness  of  n-reglon,  ai  Is  the  angle  of 
n-reglon  widening. 

This  expression  shows  that  the  resistance  differonce  is  direct  proportional  to  applied  voltage.  Experimentally 
measured  dependences  of  resistance  difference  of  asymmetrically  necked  semiconductor  structures  at  room  (Ta29SK) 
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and  liquid  nitrogen  (T-80K)  temperatures  are  in  good  agreement  with  those  calculated  from  equation  (2).  At  the  liquid 
nitrogen  temperature  the  relative  resistances  difference  of  the  diode  is  greater  than  that  at  a  room  temperature  for  the 
same  vaiue  of  applied  voltage.  It  is  connected  with  the  higher  value  of  electron  mobility  and  energy  relaxation  time  in  n- 
OaAs  and  n-Si  at  the  T»  80K  in  comparison  with  those  at  a  room  temperature. 

Placing  the  diodes  in  rectangular  waveguide  the  dependence  of  detected  signai  on  applied  MW  was  measured  in 
wide  range  of  MW  frequencies  at  T«80Kand  TB29SK.When  the  MW  power  is  small  (the  electrons  are  slightly  heated 
by  electric  field)  the  value  of  detected  signal  is  directly  proportional  to  the  microwave  power.  Therefore,  those 
semiconductor  structures  based  on  n-OaAs  and  n-Si  may  be  used  as  the  measurement  element  of  MW  power.  The  volt- 
power  characteristic  at  a  room  temperature  is  linear  in  wider  range  of  MW  power  than  that  at  a  liquid  nitrogen  one.  This 
is  associated  with  the  fact,  that  at  T-  29SK  depends  weakly  on  the  instantaneous  value  of  MW  electric  field  strength 
Em,  meanwhile,  at  liquid  nitrogen  temperature  the  electron  energy  relaxation  time  decreases  rapidly  with  £„  increase. 
The  value  of  voltage  sensitivity  measured  at  MW  frequency  fald^  OHz  Is  (2U-^30)%  lower  in  comparison  with  that  at 
f>i26  OHz.  The  value  of  this  decrease  of  voltage  sensitivity  of  our  diodes  arc  in  good  agreement  with  the  theoretical 
predictions  for  frequency  dependence  of  voltage  sensitivity  of  small  area  n-n*  Junction  diode^ 
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1.  IMIRCminOM 

Advances  in  teohoology  of  subuLcron  senioooduotor  structures  sake  it  possible  to  de¬ 
velop  a  gnrsat  variety  of  novel  non-eonventiooal  photoreceivers.  Even  if  conslderingi 
the  classical  effacts  only,  one  can  see  that  various  kinds  of  ths  affects  could  take 
place  in  ths  structures  of  that  scale.  Ths  nature  of  ths  effect  depends  on  relations 
bstween  ths  dsvlce  active  layer  thloknsss  e  and  ths  sain  physical  langths  which 
describe  ths  relaxation  processes  in  a  saniconduotor .  For  auhnicron  structures,  the 
relations 

ll  »  lee  «  a  «  le  ,  If  (1) 
or 

li  «  a  «  ,  If  ,  If  (2) 

are  ths  siMt  typical,  li,  !«•*  Lc  Ir  being  ths  lengths  of  ths  monsntum  relaxation, 
ths  Inter-electron  oollislons,  ths  oarrler  energy  relaxation,  and  ths  carrier  reooat- 
binetion,  rsspeotively.  In  both  ths  oases,  carrier  excitation  in  a  photoraoeiver 
leads  to  carrier  photo-heating  and  to  appearance,  if  any  bullt-in-fiald  exists,  of 
hot-carrier  photovoltage  oonsidered  as  a  seasured  signal.  Ibwever,  the  values  of  the 
voltage  generated  in  these  cases  are  different.  The  reason  is  that  in  ths  case  (2), 
unlike  (1),  essentially  non-Mucwellian  carrier  energy  distribution  is  forned  «AvLch 
any  result  in  appearance  of  a  specific  additional  photovoltage  of  hot  carriers^. 

Ths  ain  of  this  paper  was,  therefore,  to  Investigate  ths  processes  of  hot-carrier 
photovoltage  generation  under  ths  conditions  of  oon-MsKwellian  carrier  energy  dis¬ 
tribution  in  suhnioron  structures  for  infrared  or  milliaster  wiwe  photoreceivers. 

2.,  aasicAL  M3PBU 

As  a  sinple  oodel  of  a  subaderon  structure  we  consider  a  thin  n-type  semiconductor 
layer  with  nonuniform  doping  profile  n(x)  providing  ths  given  carrier  concentrations 
at  ths  surfaces  n(0)  and  n(a)  .  Vh  suppose  a  uniform  Intraband  excitation  of  the  ma¬ 
jority  carriers  due  to  far  infrared,  microwave  or  millimeter  wave  irradiation.  Non- 
equilibrium  carrier  distribution  function  formkl  under  ths  condition  (2)  is  deter¬ 
mined  by  ths  steady-state  Boltanann's  equation  which  does  not  account  for  electron- 
aleotron  and  electron-phonon  energy  relaxation  processes.  The  energy  relaxation  oc¬ 
curs  on  the  layer  surfaces  where  ths  metal  contacts  are  supposed  axvd  ths  equilibrium 
distribution  functions  are  taken  as  the  boundary  conditions.  Ths  carrier  excitation 
is  described  by  ths  terms  which  contain  the  square  mean  value  of  the  electric  field 
of  high-frequency  eleetronmgnstio  wave,  Bq  •  Internal  alactrlc  field  in  the  layer, 
Bi(x),  is  deterodned  oelf-conslstently  assuming  ths  open-circuit  conditions  at  the 
contacts.  In  the  case  considered,  the  original  Boltzmann's  equation  was  reduced  to 
ths  nonlinear  elliptic  partial  differential  equation  for  the  symmetrical  part  of  the 
carrier  distribution  function  fa(e,x).  Ths  equation  obtained  waa  solved  numsrically 
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for  the  cases  being  of  interest,  by  means  of  a  specially  developed  method  based  on 
the  Stone's  strongly  implicit  procedure^  completed  with  the  self-consistent  calcu¬ 
lation  of  the  electric  field  Ei(x)  .  The  results  for  Ei(x),  mean  carrier  energy  c(x) 
and  photovoltage  Vq  were  conpared  with  the  data  obtained  from  the  energy  balance 
equation  which  was  written  and  solved  analytically  for  some  cases  under  tlie  conditi¬ 
ons  (1)  providing  the  carrier  temperature  approximation. 


3.  RESULTS  AND  DISOgSIONS 


The  analytical  treatments 
kinds  of  doping  profile; 

and 


and  the  conputer  sinulations  have  been  carried  out  for  two 
ni(x)  =  Ai  +  Bi  exp(x/L)  ,  (3) 

n2<«)  =  A2  +  B2  cos(jo{/a)  ,  (4) 


assuming  the  given  rat.io  n(a)/n(0)=10  .  Various  ODmentum  scattering  mechanisms  have 
been  studied  including  the  deformation  acoustic  (DA)  and  the  charged  impurity  (Cl) 
scattering.  The  value  Eo=T/ea  has  been  taken  as  a  typical  )iigh- frequency  electric 
field  which  satisfies  the  condition  |K(x)-T|<(T  ,  T  is  the  lattice  temperature  and 
e  is  the  carrier  charge.  The  relative  voltages  Vj|  and  Vq  calculated  under  the 
conditions  (1)  and  (2),  respectively,  are  given  in  the  table: 


Doping  profile  n(x): 
Scattering  mechanism: 
Voltage: 

eVc/T 

eV,/T 


ni(x)  n2(x) 


DA 

Cl 

DA 

Cl 

0.20 

0.06 

0.27 

0.08 

0.09 

0.04 

0.13 

0.06 

The  data  show  that  the  voltage  Vq  is  generally  greater  than  Vg^  which  is  caused  by 
the  increase  of  the  values  fs(G,x)  in  high-energy  domain  under  the  conditions  (2)  as 
compared  with  Maxwellian  function  formed  under  the  conditions  (1).  The  voltage  grows 
in  the  case  of  DA  carrier  momentum  scattering  and  the  built-in-field  localization  in 
the  middle  of  the  layer. 


4.  CONCLUSIONS 

An  increase  of  the  voltage  generated  by  infrared  or  ndllimeter  waves  in  a  submicron 
layer  with  a  built-in-field  has  been  predicted  aiul  numerically  simulated.  The  effect 
is  caused  by  the  formation  of  essentially  non-Maxwell ian  carrier  energy  distribution 
function  due  to  the  intraband  hot-carrier  excitation  under  tl-ie  conditions  (2)  .  The 
voltage  considered  grows  in  a  periodic  multi-layer  structure  because  of  suimdng  the 
effects  from  all  the  layers. 
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Abstract 

We  report  the  development  of  two  20  atm  COa-laser  systems  delivering  continously  tunable  mid- 
infrared  radiation  with  output  powers  of  250  mj  and  1  J  respectively.  Using  this  radiation  for 
optical  pumping  a  superradiant  far-infrared  laser  we  obtain  for  several  molecular  gases  emission 
via  stimulated  Raman  scattering  in  the  region  from  8  cm“‘  to  250  cm~’. 


High-pressure  COa-lasers  are  very  convenient  for  optically  pumping  a  far-infrared  (FIR)  laser,  for 
their  frequency  is  continuously  tunable  in  the  mid-infrared  frequency  region.  Therefore  generation 
of  tunable  FIR  radiation  via  stimulated  Raman  scattering  is  possible  and  has  been  demonstrated 
for  several  molecular  gases  as  for  the  methylhalides  [1],  heavy  water  [2]  and  ammonia  [3]. 

The  laser  we  used  up  to  now  has  been  described  in  detail  elsewhere  [4].  The  resonator  consists  of 
a  concave  germanium  output  coupler  (reflectivity  »  0.7;  radius  «  25  m)  and  a  150  1/mm  grating 
for  frequency  tuning;  an  off-axis  Galilean  telescope  is  inserted  to  expand  the  beam  diameter  at  the 
grating  surface.  Optical  access  is  given  to  the  20  atm  pressure  chamber  by  two  NaCl  Brewster’s 
angle  windows.  With  this  configuration,  frequency  tuning  is  possible  in  steps  of  1  GHz  over 
ranges  of  about  500  GHz,  the  spectral  width  of  the  emitted  radiation  is  about  5  GHz  (FWHM). 
The  emitted  pulses  have  a  total  duration  of  about  300  ns  and  a  maximum  energy  of  250  mJ, 
limited  by  the  damage  threshold  of  the  NaCl  Brewster  windows.  With  our  new  laser  system 
this  limitation  is  not  valid  any  longer.  Using  an  intra  cavity  beam  expander  (1:2)  we  are  able 
to  obtain  1  J  without  damages  on  the  NaCl  window.  To  reduce  the  problems  with  alignment 
we  used  the  frequency  selective  grating  also  for  output  coupling  purposes;  the  other  end  of  the 
pressure  chamber  is  sealed  with  a  high  reflecting  molybdenium  mirror  (see  figure).  The  bandwidth 
of  the  emitted  radiation  is  about  10  GHz  (FWHM)  for  the  grating  has  only  120  1/mm.  In  the 
table  the  tuning  ranges  of  both  lasers  have  been  listed.  The  C02-laser  radiation  is  focussed  into 
the  fused  quartz  waveguide  (diameter  7  mm)  of  the  Raman  laser.  This  laser  is  equipped  with  a 
BaFj  entrance  and  a  TPX  (polymeric  4-methyl- l-pencene)  output  window.  Since  TPX  does  not 
completely  absorb  the  COj-laser  radiation  transmitted  through  the  FIR  laser  tube,  an  additional 
crystalline  quartz  plate  is  mounted. 

Laser  media  we  investigated  so  far  were  the  methylhalides  ('^CHaF,  ‘^CHaF,  '^CDsF,  ‘^CDaF, 
‘’^CHaCl,  “CHaBr,  ''^CHaJ),  heavy  water  (Dj®0,  Da®0)  and  the  ammonia  isotopes  ^^NHa,  '^NHjD, 
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‘^NHDj,  ‘“NHa  and  ’'NDa.  Optical  pumping  the  methylhalides  delivered  630  emission  lines  in  the 
frequency  region  from  8  cm"*  to  71  cm"*,  29  of  them  could  be  assigned  as  overtone  transitions 
(21/3)  of  *^CH3J.  Using  heavy  water  as  laser  medium  we  obtained  93  laser  lines  in  the  frequency 
region  from  25  cm"*  to  240  cm"*  and  with  ammonia  we  observed  350  laser  lines  from  15  cm"*  to 
more  than  200  cm"*.  The  photon  conversion  coefficients  reached  values  of  up  to  12%  (*^NH3  and 
*^CD3F);  the  maximum  observed  FIR  tuning  ranges  were  36  GHz  (**CH3F),  17  GHz  (Dj®0)  and 
more  than  90  GHz  ('“‘NHs). 


20  atm  CO2-  laser 


branch 

80  cm 

gain  region 

150  cm  gain  region 

lOR 

R(6) 

-  R(28) 

R(2)  . 

R(40) 

lOP 

P(8) 

-  P(28) 

P(4)  - 

P(38) 

9R 

R(6) 

-  R(30) 

R(2)  - 

R(44) 

9P 

P(10) 

-  P(26) 

P(4)  - 

P(38) 

Tahh:  T\ining  ranges  of  the  two  high  pressure  CO^-lasers 
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As  m^or  applications  for  ntillimeter  and  sub* 
millimeter  electromagnetic  waves  have  developed 
there  has  arisen  a  need  for  instruments  which  will 
allow  measurements  to  be  made  of  the  power 
canied  by  fVee-space  propagating  beams  and  of  the 
energy  carried  in  short  pulses.  Such  instruments 
should  be  calibrated  absolutely  and  re*calibration 
should  be  a  straightforward  matter.  This  paper 
will  report  on  the  power  and  energy  meters  we 
have  developed  for  the  60--900  OHz  range. 

Two  measurement  methods  have  been  devel¬ 
oped  to  cover  the  two  domains : 

(i)  measurement  of  powers  exceeding  l/tW 
(with  Is  response  time)  and  energies  exceeding  I 
fxJ  (in  pulses  of  duration  less  than  lOms), 

(ii)  measurement  of  powers  exceeding  O.i  pW 
(with  Is  response  time)  and  energies  exceeding  O.I 
pj  in  pulses  of  duration  less  than  lOO  ms. 

For  the  first  domain  we  have  developed  a  power 
meter  in  which  the  signal  beam  passes  through  a 
thin  metallic  film  which  has  the  resistance-per- 
square  which  maximises  the  fraction  of  the  signal 
power  absorbed  in  the  film  as  the  beam  passes 
through  it.  This  film  on  a  1  /<m  polymeric  sub¬ 
strate,  lies  between  a  window  and  a  back-reflector, 
or  a  second  window,  to  form  a  narrow-gap 
airfllled  cell.  The  power  absorbed  from  the  sig¬ 
nal  beam  heats  the  film  and  this  raises  the  tempera¬ 
ture  of  the  air  layers  in  contact  with  the  film  which 


results  in  an  increase  in  air  pressure  in  the  cell. 
The  signal  beam  is  modulated  and  the  consequent 
variations  in  pressure  in  the  cell  are  measured  by 
a  miniature  pressure-transducer  at  the  periphery  of 
the  cell.  The  film  has  electrodes  along  opposite 
edges  so  that  current  can  be  passed  through  the 
film  to  provide  ohmic  power  which  serves  to 
absolutely  calibrate  the  power  meter. 

The  paper  will  examine  the  properties  of  this 
photo-acoustic  detection  system  which  make  it  a 
reliable  and  sensitive  absolute  power  meter.  Two 
versions  of  the  meter  will  be  described,  one  for 
precision  measurements  in  the  mlllimetric  range 
and  one  which  operates  over  a  wide-band  from 
millimetric  to  far  infrared  frequencies. 

The  second  domain  involves  much  smaller  sig¬ 
nal  power  levels  and  what  is  required  is  a  means 
for  calibrating  absolutely,  as  a  function  of  fre¬ 
quency,  the  response  of  a  sensitive  detector,  e.g. 
pyro-electric  detectors  down  to  1  nW  and  cooled 
photoconductive  or  bolometrlc  detectors  down  to 
1  pW.  This  paper  will  describe  how  this  can  be 
done  with  a  thermal  source  (black-body  cavity) 
and  a  two-beam  polarising  interferometer  em¬ 
ployed  as  a  band-pass  Alter  which  is  tuneable  over 
the  millimetric  and  far  infrared  ranges  and  whose 
throughput  efficiency  throughout  that  range  can 
be  determined  with  precision. 
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ABSTRACT 

Methyl  Alcohol  is  the  most  prolific  and  one  of  the  most  efficient  molecules 
for  the  production  of  optically  pumped  FIR  laser  lines.  We  present  a  review  of 
nearly  2000  COt  pumped  FIR  laser  wavelengths,  and  frequencies  of  about  fifteen 
percent  of  those,  measured  in  CHeOH  and  Its  isotopes. 

1.  INTRODUCTION 

Chang  et  al^^’  early  recognized  methanol  as  a  source  of  strong  far  infrared 
(FIR)  laser  lines.  Since  then,  more  than  100  papers  were  publl^ed  containing 
information  about  new  laser  emissions.  Recently,  Moruzzl  et  al'"  presented  a 
review  of  57S  lines  produced  by  methanol  (^‘CHeOH).  In  the  present  paper,  we. 
have  extended  the  review  to  10  other  isotopic  modifications  of  this  molecule. 

Optically  pumped  lasers  are  today  the  most  important  source  of  coherent 
radiation  in  the  FIR  spectral  region,  and  are  increasingly  finding  wide 
applications  in  several  fields  of  physics. 

In  the  present  work,  the  pump  source  which  produced  most  of  the  lines  is  a 
C02  laser.  In  a  few  cases  isotopic  COz  lasers  were  employed.  COa  sequence  band 
and  hot  band  laser  lines  were  also  eventually  used  for  optical  pumping.  As  far 
as  the  FIR  laser  cavity  is  concerned,  a  great  variety  of  resonators  has  been 
employed.  It  was  noticed  that  the  highest  output  powers  have  been  achieved  in 
hollc|^^  dielectric  waveguides.  However,  Fabry-Perot  cavities  are  widely  used  as 
well  . 


2.  CH  OH 

3 

The  vibrational-rotational  structure  of  CHaOH  is  well  known^*\  and  data  on 
its  other  Isotopic  species  are  constantly  being  improved.  The  reason  for  this 
success  is  the  overlap  between  the  strong  absorbing  CO-stretch  band  and  the 
COa  laser  emission  spectrum  (specially  the  9R  and  9P  branches).  Exchanging  H 
for  D  to  obtain  the  deuterated  species  does  not  alter  the  situation 
appreciably,  so  that  the  CO-stretch  absorption  band  still  coincides  with  the 
COa  laser  spectrum.  It  Is  also  possible  to  substitute  ^^C  for  ^*C  and  *0  for 

■o. 


3.  RESULTS 

In  table  1  we  present  an  overview  of  the  results,  together  with 

some  statistical  data.  From  this  table  we  can  see  another  reason  why  the 

methanol  analogues  are  such  important  molecules  for  FIR  laser  generation.  Moat 
of  the  lines  have  wavelengths  that  are  less  than  200  pm,  and  a  significant 
percentage  have  short  wavelengths  (<100pm).  It  Is  a  well  known  fact  that  for 

other  molecules  (with  the  exception  of  CHaFa  and  Isotopic  forms)  the  situation 

favors  longer  wavelengths'^ .  This  short  wavelength  region  Is  the  moat  scarce 
in  coherent  sources  and  the  most  interesting  for  spectroscopic  applications. 
The  increasing  Investigation  of  CHaOH  and  CHzFa  can  help  to  fill  in  this  gap 
by  hopefully  making  available  a  new  set  of  pump  laser  lines. 
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4,  APPLICATIONS 

Being  practically  the  only  uource  of  coherent  radiation  In  the  FIR  region^ 
optically  pumped  lasers  find  a  variety  of  applications  in  various  fields  of 
physics.  Laser  Magnetic  Resonance  (L.MR)  in  the  far-infrared  is  an  example:  a 
molecular  transition  frequency  Is  tuned  into  coincidence  with  that  of  a  fixed 
laser  frequency  by  the  application  of  a  variable  magnetic  field  (0-20 
kGauos)  “ .  Important  chemical  species  were  studied  by  this  extremely 

sensitive  technique,  such  as  the  OH  radical,  for  example.  Current  Interest  is 
on  the  ^volvement  of  this  species  In  the  fundamental  Ateps  of  chemical 
reactions  "',  specially  those  occuring  in  the  atmosphere  ’ ,  In  fact,  the 

photochemistry  of  the  OH  radical  controls  the  rate  at  which  many  trace  BAtifa 
are  oxidized  and  removed  from  the  atmosphere.  For  example,  Brown  et  ar’* 
used  CHsOH  laser  lines  In  LMR  spectroscopy. 


TABLE  li  PERCENTAGES  OF  LASERS  LINES  ACCORDING  TO  WAVELENGTH  RANGE 


Wavelength  range 

Nummber  of  laser 

(pm) 

(7.) 

<  100 

23.7 

100-  200 

28.1 

200-  300 

22.4 

300-  400 

10.6 

400-  500 

6.7 

500-  600 

3.0 

600-  700 

2.3 

700-  800 

1.4 

800-  900 

0.6 

900-1000 

0.5 

>  1000 

0.8 
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New  FIR  Laser  Lines  from  Optically  Pumped  C2H3F, 
C2H3CUC2H3CN,C2H2F2,C2H5F  and  CF2O 

P.B.  Davies,  Yuyan  Liu,  Zhuan  Liu* 

Department  of  Chemistry,  University  of  Cambridge 
Lensfield  Road,  Cambridge  CB2  lEW,  England 

^Permanent  Address;  Wuhan  Institute  of  Physics,  the  Chinese  Academy 
of  Sciences,  Wuhan  430071,  P.R.  China 

Over  the  past  two  decades,  a  large  number  of  optically  pumped  far  infrared 
laser  lines  have  been  discovered  with  a  wide  variety  of  lasing  gases.  Amongst 
these  C2H3F,  C2H3CI,  C2H2F2,  C2H5F,  C2K3CN  and  CF2O  are  important  examples. 
They  give  many  strong  laser  lines  which  are  very  useful  for  far  infrared  laser 
ma^etic  resonanceCFIR  LMR)  and  tunable  far  infrared(TuFir)  laser  spectroscopy. 
Although  these  gases  have  been  investigated  before,  we  have  nevertheless 
discovered  over  30  new  laser  lines  between  140  pm  and  988pm. 

The  optically  pumped  FIR  laser  was  originally  developed  for  FIR  LMR 
spectroscopy.  The  cavity  is  1  m  long  and  formed  by  two  concave  gold  coated 
mirrors  with  radii  of  1.635m  and  1.835m,  respectively.  The  laser  gas  fills  a  gold- 
coated  glass  tube,  7cm  in  diameter,  located  between  the  cavity  mirrors.  Pump 
radiation  from  a  cw  CO2  laser,  60w  for  the  stongest  line,  enters  the  cavity  through 
a  side  wall  window  and  is  transversely  multiply  reflected  in  the  glass  tube.  The 
FIR  radiation  is  coupled  out  through  a  2mm  hole  in  the  R*1.635m  mirror  and 
detected  with  a  Golay  cell.  In  order  to  eliminate  the  effect  of  thermal  radiation 
from  FIR  laser  components,  the  CO2  laser  beam  was  chopped  instead  of  the  FIR 
radiation.  This  apparently  facilitated  the  search  for  new  laser  lines.  Laser 
wavelength  measurement  was  achieved  using  a  micrometer,  on  which  the  totally 
reflecting  FIR  laser  mirror  is  mounted,  with  an  estimated  precision  of  ±0.5pm. 

In  order  to  obtain  as  many  FIR  laser  lines  as  possible,  we  carefully 
investigated  every  CO2  pump  line  on  the  above  gases,  changing  the  laser  gas 
pressure  and  the  timing  of  the  pump  laser.  Generally,  each  laser  line  has  its  own 
optimum  gas  pressure  and  optimum  CO2  laser  frequency  offset.  In  Tablel  are  listed 
all  the  new  laser  lines  obtained,  including  measured  wavelength,  CO2  pump  line, 
optimum  pressure  and  relative  intensity. 

Of  special  interest  is  the  case  of  the  10P22  pump  line  for  CzHaF.  There 
appear  to  be  two  very  close  components  lasing  together.  This  has  been  supported 
by  observing  LMR  spectra  of  the  CF  radical.  The  two  components  gave  slightly 
different  LMR  spectra  for  CF.  C2H3CI  also  shows  two  closely  spaced  lines  when 
pumped  by  10  R26. 
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Table  I.  New  optically  pumped  FIR  laaer  linea 


Wavelength(pm) 

Pump  line 

Lasing  gas 

Intensity 

Optimum 

pressurefmT) 

137.0 

9R22 

C2H3F 

S 

70 

140.4 

10R34 

CF2O 

S 

100 

141.0 

10R42 

CF2O 

V.S. 

170 

152.5 

10R30 

CF2O 

V.S. 

100 

184.0 

10R34 

CF2O 

s 

120 

218.5 

10P36 

CiHaQ 

s 

80 

269.0 

10R02 

C2H3F 

M 

150 

285.0 

10P36 

C2H?a 

s 

80 

285.0 

10P32 

C2H3F 

s 

80 

325.0 

10P12 

C2H2F2 

V.S. 

180 

352.2 

10P22 

C2H3CI 

s 

130 

354.0 

10P12 

C2H2F2 

M 

120 

361.0 

10R12 

C2H3CN 

w 

100 

376.8 

9R14 

C2H5F 

M 

80 

403.2 

10P24 

C2H3a 

M 

150 

415.3 

10P12 

C2H3CN 

W 

50 

417.5 

10P16 

C2H3C1 

M 

150 

438.5 

9R24 

C2H5F 

W 

80 

444.5 

lOPlO 

C2H3F 

M 

160 

447.3 

10P14 

C2H3F 

S 

80 

477.3 

10P36 

C2H3a 

M 

50 

503.2 

9P18 

C2H5F 

W 

45 

513.5 

10P34 

C2H3a 

M 

60 

534.3 

10R04 

C2H3a 

M 

70 

551.0 

9P18 

C2H5F 

M 

50 

572.8 

10R18 

C2H3CN 

M 

50 

574.0 

10R14 

C2H3CN 

M 

50 

606.5 

10P42 

C2H3F 

M 

45 

618.3 

10R12 

C2H3CN 

W 

25 

629.3 

10R06 

C2H3CN 

W 

20 

669.9 

10P20 

C2H3C1 

w 

70 

777.3 

10P22 

C2H3F 

v.s. 

80 

777.5 

10P22 

C2H3F 

s 

55 

987.8 

10R26 

C2H3C1 

w 

45 

988.5 

10R26 

C2H3C1 

w 

45 

V.S.~very  strong,  S-strong,  M-medium,  W~weak  as  related  to  the  l^own  laser 
lines  from  the  same  lasing  gas. 
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Identification  of  submillimeter  CDJ50  laser  lines 
S.  F.  Dyubko,  S.  V.  Syrota 

The  analysis  of  the  rotational  spectrum  of  CD20  molecule  in  ex¬ 
cited  couplintt  vibrational  states  >1^  and  has  been  performed.  Opti¬ 
cally  pumped  FIR  0D20  laser  operates  us ins  rotational  transition  of 
these  Vibrational  .states.  Many  a  CD20  laser  lines  have  been  assisned. 
A  table  of  the  generation  lines  frequenoies  of  a  0D20  laser  was  ob¬ 
tained  instead  of  the  known  tables  of  wavelengths. 
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A  Table  of  the  Absorption  Strong?  Lines  of  Formic  Acid 
which  are  Coincided  with  the  FIR  Lasers  Frequencies 

S.  F.  Dyubko.  S.  V.  Syrota 

Kharkov  State  University,  Department  of  Quantum 
Radiophysios,  Kharkov,  Ukraine,  310077 

Ve  revealed  many  ooinoldencles  of  greneration  lines  frequencies 
of  FIR  lasers  and  absorption  lines  frequencies  of  strong?  lines  of 
the  rotational  spectrum  of  formic  acid  molecule.  The  results  are 
reported  in  Table  1.  We  used  FIR  lasers  frequencies  which  liave  been 
reported  in  N.  Q.  Doufflas  handbook  Ill.  And  absorption  lines 
frequencies  of  fomic  acid  have  been  obtained  when  we  investl grated 
the  rotational  spectrum  of  these  molecules  in  frequency  rang?e  up  to 
400  GHz.  About  8,000  frequencies  of  absorption  lines  of  HCOOH, 
DCOOH,  HCOOD,  DCOOD,  H13C00H,  D13C00H,  H13C00D.  D13C00D,  HC1800H, 
HC0180H,  DC1800H,  DC0180H,  DC1800D,  DC0180D  in  grround  state  and, 

partloully,  in  exited  vibrational  ones  were  measured.  Accuracy  of 
these  measurements  was  ±  20  f  60  kHz,  As  a  result  the  sets  of  rota¬ 
tional  and  oentrifugral  molecular  parameters  of  Watson's  Hamilto¬ 
nian,  representation,  have  been  obtained  for  each  species. 

Comparing?  frequencies  of  lasers  and  absorption  lines  frequen¬ 
cies  of  formic  acid  we  examined  only  lines  with  intensity  if' >10'^ 
cm*'*  and  frequency  shift  I  tq  -  ftl<2  MHz. 

The  results  given  in  Table  1  may  be  used  for  following 
purposes: 

-  frequency  stability  of  FIR  lasers  on  power  nonlinear 
resonances; 

-  oonstraot  of  the  gaseous  filters  for  selection  of  laser 
radiation; 

-  masers  oonstraot  on  Q- transit ions  of  formic  acid  molecules 
pumped  whith  a  FIR  laser; 

-  the  next  investigation  of  the  rotational  transitions  of  formic 
acid  using  a  FIR  laser  as  a  radiation  source. 
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Table  1 


LASER 

[11 

LASER 

FREQUENCY 

M  1  C  R 

0,W  A  V  E 

j  k;  k; 

T 

J" 

R  A  N  S 

I  T  I  0 

INT. 

om”'* 

0. 013 

N 

CB3Br 

283665.  4 

283666.  9 

12 

4  8 

13 

4 

9 

HCOOD 

CD3I 

298197.  8 

298197.3 

13 

12  1 

14 

12 

2 

0.  003 

D13C00D 

DCOOD 

300238.  6 

300238.  9 

13 

3  10 

14 

3 

11 

0.  011 

HC1800H 

13CH2F2 

320426.  8 

320425.  9 

14 

4  11 

15 

4 

12 

0.  012 

HC1800H 

DCOOD 

323058.  7 

323069.  7 

13 

2  11 

14 

2 

12 

0.  016 

HCOOH 

DCOOD 

384411.  2 

384412.  7 

17 

3  15 

18 

3 

16 

0.020 

HC0180H 

DCOOD 

393551.  5 

393552.  9 

16 

2  14 

17 

2 

16 

0.027 

HCOOD 

NH2NH2 

408346.  7 

408345.  5 

18 

5  14 

19 

6 

16 

0.  023 

D13C00D 

CHSBr 

419061.  7 

419058.  7 

18 

8  10 

19 

8 

11 

0.  033 

D13C00H 

CD3I 

449307.  5 

449304.  4 

19 

14  5 

20  14 

6 

0.004 

H13C00H 

CHC1F2 

450216.  4 

460217. 1 

19 

7  13 

20 

7 

14 

0.  016 

HCOOH 

CH2F2 

456139. 1 

456141.2 

20 

15  6 

21 

16 

6 

0.005 

H13C00D 

DCOOH 

469064.  7 

469066. 2 

21 

12  9 

22 

12 

10 

0.  017 

D13C00D 

CH2CHC1 

472607.  5 

472607.  0 

20 

13  7 

21 

13 

8 

0.  001 

HCOOH 

CH2CHC1 

472607.  8 

472607. 1 

20 

9  11 

21 

9 

12 

0.  011 

HCOOH 

DCOOD 

534109.  6 

634108. 1 

23 

5  19 

24 

6 

20 

0.026 

DCOOH 

H13C00H 

546225.  3 

546223.  4 

23 

4  19 

24 

4 

20 

0.  041 

D13COOH 

NH2NH2 

661772.  0 

561773.  0 

24 

3  22 

26 

3 

23 

0.  063 

HCOOH 

CD3Br 

665606. 1 

666606.  6 

27 

0  27 

28 

0 

28 

0.  046 

D13C00H 

TRIOX 

598192.  4 

698194.  7 

27 

6  21 

28 

6 

22 

0.  037 

HC0180H 

CH30H 

607431.  2 

607433.  2 

26 

13  13 

27 

13 

14 

0.  016 

HCOOH 

CH2CF2 

618417.  6 

618418.  3 

28 

11  17 

29 

11 

18 

0.  027 

HC1800H 

DCOOH 

642678.  4 

642678.  7 

30 

6  24 

31 

6 

25 

0.  041 

DCOOD 

CH2F2 

646530.  9 

646627.  9 

28 

4  24 

29 

4 

25 

0.  040 

D13C00D 

CH2F2 

672689.  6 

672691. 8 

30 

17  13 

31 

17 

14 

0.  006 

HCOOD 

NH2NH2 

687957.  4 

687969. 5 

29 

4  25 

30 

4 

26 

0,  062 

H13COOH 

CD30H 

696691. 5 

696688.  2 

31 

13  18 

32 

13 

19 

0.  020 

HCOOD 

HCOOD 

697695. 1 

697697.  6 

30 

18  13 

31 

18 

14 

0.  019 

HCOOH 

CDF3 

712130.  6 

712128. 1 

31 

7  24 

32 

7 

26 

0.  034 

DCOOH 

CHC1F2 

723522.  9 

723624.  8 

32 

3  29 

33 

3 

30 

0.029 

HC0180H 

HCOOH 

739161.0 

739161.4 

33 

13  20 

34 

13 

21 

0.  020 

HCOOD 

HCOOD 

766384.  6 

766384.  6 

33 

6  27 

34 

6 

28 

0.036 

D13COOH 

CHD2F 

798679.  6 

798677. 1 

36 

8  29 

37 

8 

30 

0.024 

D13COOD 

1.  N.  Q.  DouQflas  Millimetre  and  Submilllmetre  Waveleneth  Lasers.  A  Hand¬ 
book  of  ow  Measurements. -Springer-Verlasf  Berlin  ....  1989,  289  p. 
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TINX-OCPBNDBNT  SIMUlATXOH  OP  OPTXCALLV  PUMPED  FIR  LASER 
FOR  ARBZTRAI^Y  ITOLMXSATION  CONFIf^nRATTONS 

V.  A,  Batanov,  A.O.Radkovich 
and  A,L,Telyatnikov 

Institute  ct  Physics  and  Technology  of  the  Russian  Academy 
of  Sciences,  insili,  Moscow,  Krasikova  25A,  Russia, 

A  numerical  model  of  timo-dependent  simulation  of  FIR  laser 
is  presented.  The  luodel  expands  the  previously  reported 
steady-state  oolutton  for  the  arbitrary  field  polarisation 
configurstions  in  0?I  IRL  to  the  time  dependent  model.  No 
limitations  on  -he  intensities  of  the  interacting  fields  are 
l.mposed. 
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Theoretteal  Raaaareh  and  Dlaenaaioa  of  Dyoainloal  Stataa  of  Optleally  Pnapad 
Subnlllinotar  Laaor 


Luo  Liguo^i  Nta  Daihan^i  Chon  Jlihu*  and  Su  Jlnwan* 

^  Dopartinant  of  Optlooi  Shandong  Unlvaraityi  Jlnan^  Shandong)  SSOlOO) 

P.  R.  China. 

*  Departnont  of  PhyiloBi  Klngbo  Unttaraityi  NIngbOt  Zhajlangi  816211) 

P.  R.  China. 

*  National  Laboratory  for  Infrarod  Phyiloa,  Shanghai  Inatitnta  of  Taehnioal 
Phyaloi)  Aeadamla  Slnlea.  Shanghai)  200088)  P.  R.  China. 


I.  Introduction. 

It  ii  not  an  atnaianant  that  optically  punpod  itthmll  lino  tar  laiar(OPShlL) 
lyataiB  can  ihow  rich  dynamical  bahaTioura  of  biatabillty  and  initablllty) 
for  it  may  bo  takon  for  a  combination  of  paiilra  and  active  lyatami.  It  ic 
ona  of  tha  moat  lultablo  laiora  for  laaor  dynamical  roiaarch. 

I.  Fundamental  Squat  Iona 

The  thraa-loval  modal  la  aufficiant  and  affactlva  for  ui  to  atudy 
dynamical  behavloura  of  tha  oontinuoua  OPSML  ayatam.  fa  aaauma  that  both  tha 
pump  laaor  and  tha  aubmillimatar  laaar  omit  alngla-  moda  travailing-  vava 
fialda  la  a  homoganaoualy  broadanad  modium.  Tha  interaction  batwaan  laaar  and 
matter  can  bo  daoorlbad  with  a  oat  of  aquatlona  derived  from  tha  donalty 
matrli  and  Mamall'a  aquatlona  no  followa; 

A  -  -Ktfi  +  giPu, 

«ij  ■  "•  1)  +  2(«Pji  +  P'  pit, 

J)2  “  “•yojdja  —(apji  +«*pij)-“2(^P)a  +p’pj}), 

pii  ■  -(yij  +  <A,.)pij -(«dij +/lpu), 

pij  ■  -  (I  +/Ai)pu  +(Pdn  -ctpii), 

pn  ■  “(yu  +  /(A,  -  A,)]pij  +«pj2  -¥0'  p\i, 

where  a  d  a,  and  8  are  alowiy  varying  anvalopa  amplitudal  of  the  Input  pump 
field)  the  Intraoavity  pump  field  and  tha  aubmllllmator  field  raapactlvaly. 
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The  Kp  ind  Ki  tre  reiptetivoly  the  daeiy  ritfti  of  the  pump  field  ind  the 
■ubffllll Inetor  field,  g,  end  g.  ire  the  ttseitorited  ibiorptioi  eoeffielent  of 
the  pump  field  ind  the  uniiturited  giln  eoeffielent  of  the  lubnlll ineter  field, 
reipeet Ively,  Other  Tiriiblei  end  piriaeteri  ire  in  the  eoTentlontI  forme  of 
liier  theory, 

K ,  Reaulta  end  Diacuaalon 

Severil  reaulta  ire  obtained  by  etudylng  the  fundimentil  aquitlona, 

(1)  Anilyaia  of  atite  without  aubmlllimeter  liaer  emliaion. 

Linear  atibillty  inilyala  reveila  that  there  ire  three  kinda  of  unitible 
raglona  of  Btute  (  3b0,  a),  The  firat  iriaea  from  biatiblllty  of  the  pump 
liaer,  It  oorreaponda  to  the  negitife  elope  of  a a  t  eurve.  The  aeeond  la 
proved  to  eorreipond  to  the  ew  output  of  aubmlllimeter  liaer  (  Mew,  a  )  , 
The  third  glvaa  pulaitlon  and  even  ehioe  output.  All  of  the  raglona  vary  mueh 
by  ehinglng  pirifflaBtera  of  K,  g  and  Y. 

(2)  Blatabillty  of  the  0P8ML  ayatem 

The  ayatam  ahowa  blatabilltlea  for  both  o~ai  curve  and  P a  i  curve, 
Theae  ourvea  ohango  dramatically  by  adjuating  K,  g  and  Y. 

(8)  Pulaitlon  of  the  OPSML  ayatem 

With  a  pulaitlon  eapreaaion  of  P  atable  pulaitlon  la  eaiily  gotten  in 
the  OPSML  ayatem  on  renonanoe.  The  pulaitlon  frequency  grown  with  the 
Inoreaae  of  pump  Intenalty,  Unatabie  pulaitlon  and  ehaoa  can  be  obtained 
around  the  initial  emergence  of  the  pulaitlon. 

(4)  Analyala  of  amil 1-ampl itude  pump  modulation 

By  etudylng  the  effect  of  amal l-ampl Itude  pump  modulation,  we  know  that 
the  ayatem  haa  two  Intrlnalo  frequanotea.  The  higher  frequency  concldea  with 
the  pump  Rabl  frequency.  The  lower  frequency  la  mainly  related  to  the 
choice  of  K,  g  and  y,  which  alao  determine  the  emergence  of  the  later 
frequency  pulaatlon.  The  two  froquaneiea  nay  have  relatlona  with  the  two 
different  ehaoa  In  the  OPSML  ayatem  CC.  0.  WetBB,N.  B.  Abraham  and  U.  Hubbner 
Phya.  Rev.  Lett.  61  (1988)  1887^  . 

The  project  la  aupported  by  the  National  Natural  Bolenoe  foundation  of  China. 


61 


M3. 9 


Eiparlnanttl  Raaeiroh  of  Puliation  and  Chaoi  In  Optically  Putnpad  Subull 1 imetor 
Laiar 


Luo  Liguo^i  Chon  Jiihu*  and  Su  Jinwan* 

^  Dopartment  of  Optiei)  Shandong  UnlTaralty,  Jinan,  Shandong,  260100, 

P.  R.  China. 

*  Department  of  Phyi lea,  Nlngbo  Uni?aralty,  Nlngbo,  Zhejiang,  816211, 

P.  R.  China. 

*  National  Laboratory  for  Infrared  Phyiiei,  Shanghai  Initltute  of  Teehnieal 
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I.  Introduction 

Laier  dynamical  bahaviouri  in  both  paailve  and  active  reaonatori  have 
attracted  much  attention  of  many  laboratoriea  lineo  1980* i.  The  reianreh  can 
not  only  reveal  the  origin  and  character  of  laier  dynamlei,  and  give  a  good 
example  for  general  nonlinear  theory,  but  alao  provide  theoretical  and 
experimental  fcundatloni  of  praetioal  deiigning  of  lubmlllimater  laier  with 
continuoui-wave  (cw),  puliation  and  chaoi  outputi. 

I .  Exper  iment  and  Reiulti 

In  our  experimentil  letup  an  1.6ffl  long  gold-  coated  waveguide 
lubfflill imeter  reionitor  li  pumped  by  a  COa  laier  with  leleotible  llnoa.  The 
output  mirror  of  the  lubmllllmeter  laier  can  iweep  in  length  direction  and  it 
ii  tlltable  in  order  to  adjuit  the  reionator  loii.  The  lubmll I imeter  laier  li 
detected  with  a  QaAi  Sohottky  barrier  diode.  An  oicllloioope  and  a  rf  ipectrum 
analyier  are  uied  to  dliplay  the  reiulti. 

In  optically  pumped  formic  add  lubmlllimeter  laier,  the  9R(20)  COa  laier 
line  with  power  of  201  li  uied  ii  pump  laier.  The  lubmilllmeter  laier 
wavelength  ii  488  i^mwlth  Iti  largeut  output  power  of  iOmW.  The  lubmlll Imeter 
laier  exiiti  within  the  HCOOH  preiiure  from  5  to  90  mTorr. 
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While  the  ittbni 1 1 imeter  laser  output  ii  gotten,  stable  pulsation  is  easily 
obtained  on  energy  resonance,  The  pulsation  behsTlour  is  very  stable  and 
exists  for  quite  a  long  time,  The  pulsation  frequency  decreases  from  1,6  MHi 
to  0,4  hlHs  as  the  tilting  angle  grows.  The  pulsation  frequency  increases  a 
little  with  increasing  of  the  HCOOH  pressure. 

At  higher  pressure,  unstable  pulsations  are  observed.  Various  styles  of 
unstable  pulsations  are  sensitive  to  condition  changing.  The  developed  chaos 
is  observed  and  it  also  exists  for  quite  a  long  time.  From  pulsation  to 
chaos,  a  two-frequency  road  is  observei 

In  optically  pumped  CH«I  submillimeter  laser,  the  10P(18)  COg  laser  line 
with  power  of  46W  is  used  as  pump  laser.  The  submillimeter  laser  wavelength  is 
447  »im  with  the  largest  output  power  of  lOmW  and  CHgl  gas  pressure  ranges  from 
9  fflTorr  to  70  mTorr,  Stable  pulsation  is  also  obtained  on  energy  resonance, 
but  it  is  sensitive  to  the  increases  of  gas  pressure  or  output  mirror  loss,  The 
frequency  of  an  unstable  pulsation  frequency  can  vary  periodically  between  0.  6 
and  1,6  MHs,  The  two-frequency  route  into  chaos  is  also  clearly  observed. 

The  10P(20)  COg  laser  line  is  used  to  pump  CHgCFg  submlllimeter  laser. 
The  subfflilllmeter  laser  wavelength  la  890  l^m  with  output  pawer  around  ImW,  The 
pulsation  is  not  very  stable  and  unstable  pulsation  varies  much  and  it  is 
sensitive  to  condition  changing. 

From  the  experiment  we  are  able  to  conclude  that  pulsation  and  chaos, 
like  the  cw  output,  arc  the  commom  output  states  of  many  optically  pumped 
submlllimeter  lasers.  These  behaviours  may  have  potentiality  in  laser 
application  in  the  future. 


*  The  project  is  supported  by  the  National  Natural  Science  Foundation 
of  China 
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Experimental  studies  \A/ith  open  resonators  on  fre¬ 
quency  dependent  dielectric  loss  at  mm-wavelengths 
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Open  resonators,  both  of  the  spherical  and  hemispherical  geometry,  have  been 
used  in  different  sizes  and  configurations  to  measure  the  dielectric  loss  tangent 
of  low  loss  dielectrics  at  numerous  frequency  spots  between  1 5  GHz  and  300  GHz. 
Data  were  obtained  at  room  temperature  for  Sapphire,  Quartz  and  High  Resistivi¬ 
ty  Silicon. 
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Dielectric  loss  measurements  between  25  -  300  K 
with  a  hemispherical  Fabry-Perot  resonator 

R.  Heidinger,  O.  Link 

Kernfonchungszentrum  Karlsnihe,  Association  KfK-Euratom 
Institut  flir  Matetialforschung,  Postfkch  3640,  D>76021  Karlsruhe,  P.R.O. 


ABSTRACT 

A  measurement  system  based  on  the  analysis  of  TEN4^  modes  in  a  hemispherical  Fabry-Pdrot  resonator  around  145  OHz 
has  been  optimized  to  give  access  to  temperatures  as  low  as  25  K  and  dielectric  loss  tangents  at  lO**.  The  extended  perfor¬ 
mance  which  relies  on  refined  data  acquisition  and  conversion  methods  is  shown  for  special  grades  of  CaF,  aitd  Sapphire. 

1.  INTRODUCTION 

The  design  of  a  reliable  output  window  is  a  key  problem  for  high  power  gyrotrons  capable  of  continuous  wave  (CW)  ope¬ 
ration  in  Electron  Cyclotron  Wave  systems  (  120  -  160  OHz  )  proposed  for  next  generation  nuclear  fosion  devices'.  With 
present  window  materials*,  the  targets  set  to  1  MW^CW  transmitted  power  per  window  are  only  attainable  with  cryogenical 
cooling.  Intensive  experimental  efforts  to  have  been  devoted  recently**^  to  determine  the  dielectric  loss  tangent  ( tan6  ) 
which  is  the  primary  facte/  for  the  power  handling  capability.  Even  though  their  results  have  been  regularly  discussed,  the¬ 
se  activities  have  not  yet  provided  a  currently  accepted  data  base  for  Sapphire,  which  is  the  mqjor  candidate  material.  So¬ 
me  difficulties  arise  fiom  the  different  frequency  ranges  chosen,  which  imply  models  for  scaling  to  one  reference  frequen¬ 
cy.  In  addition,  the  experimental  procedures  are  especially  critical  in  all  these  studies,  as  their  principles  are  extended  from 
room  temperature,  where  they  were  established,  to  low  temperatures.  An  obvious  issue  is  that  dramatic  decreases  in  tan6 
may  call  for  a  reevaluation  of  the  limits  of  resolution  in  the  set-up.  Much  less  considered  are  possible  changes  in  the  rele¬ 
vance  of  the  individual  experimental  factors  which  may  alter  the  basic  rules  to  convert  the  primary  observed  quantities  into 
the  desired  tan5  values. 

2.  REFINEMENTS  IN  THE  EXPERIMENTAL  SET-UP  AND  THE  DATA  CONVERSION 

The  schematic  arrangement  of  the  basic  set-up,  which  is  described  in  detail  in  Ref.6,  has  been  slightly  modified  to  register 
the  power  transmitted  through  the  resonator  around  the  TEM^  modes  frilly  under  frequency  control.  Per  measurement  cy¬ 
cle,  60  power  data  are  obtained  over  a  frequency  range  that  coi  responds  to  about  three  times  the  resonance  half-width.  This 
data  set  is  fitted  with  u  Lorentzian-shape  based  model  including  a  distortion  due  to  signal  leakage.  As  a  result,  the  Q- 
factors  of  me  resonances  are  determined  to  ±2  %.  The  frilly  automated  data  acquisition  allowe  the  replacement  of  the  static 
temperature  vaidation  metliod,  where  individiud  temperature  points  are  generated  finding  a  balance  between  cryogenical 
cooling  and  electrical  heating,  by  the  dynamic  temperature  vaiiation  method,  where  after  cooling  to  a  minimum  temperatu¬ 
re  the  system  is  continuously  analyzed  under "  flee  heating  "  conditions*.  Together  with  the  substitution  of  the  aluminum 
pedestals  by  copper  pedestals  for  fixing  the  resonator  to  the  heat  exchanger,  this  method  allow  ed  to  minimize  temperature 
gradients  and  to  lr?ep  the  contraction  upon  cooling  reproducible.  Consequently  the  temperature  dependence  of  e,'  is  measu¬ 
red  with  high  accuracy  ( Ae,7e,  <  0.01% )  and  the  temperature  range  down  to  25  K  is  attainable  with  cold  He  gas. 

llie  loss  measurements  are  based  on  the  Q-foctor  and  the  resonant  frequency  of  the  empty  and  loaded  resonator  ( Q„fg  and 
Qi,f, )  as  primary  quantities  which  together  with  the  size  parameters  of  the  resonator  and  the  specimen  are  converted  into 
the  dielectric  parameters’.  The  conversion  rule  for  tan5  can  be  written  in  the  fomr.; 

tan8-Fp(Q,'.(Qg/FJ')  (1) 

The  filling  factor  Fp  takes  into  account  the  effective  volume  taken  by  tlie  specimen  in  die  resonator.  The  loading  factor  F, 
describes  the  rearrangement  of  electric  and  magnetic  fields  at  the  mirror  due  to  the  specimen.  As  a  consequence  of  this  re¬ 
arrangement,  the  ohmic  losses  at  the  mirrors  and  thus  their  contribution  in  Uie  Q-factors  are  modified.  Standard  conversion 
rules  assume  that  the  ohmic  losses  dominate  all  other  loss  terms  -  except  the  dielectric  loss  in  the  specimen  -  and  that  they 
are  equally  shared  among  mirrors  of  identical  materials'.  In  cryogenic  set-ups,  however,  the  surface  resistivities  (  R, )  de¬ 
crease  significantly  with  temperature  because  tlte  conductivity  of  mirror  materials  Increases. 
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The  contribution  of  diffraction  at  the  coupling  holes  (  ),  which  are  suitably  placed  in  the  spherical  mirror,  lift  the  equal 

share.  This  effect  can  be  accounted  by  the  redistribution  parameter  M*: 

where  is  the  standard  filling  parameter  which  is  strictly  valid  only  for  M  -  I .  Ihe  well-known  A  parameter'  depends 
on  the  number  of  half- wavelengths  contained  in  the  specimen  (  N^),  For  resonant  specimens  ( integer ),  F,  ”  equals  Fj,”. 

3.  EXEMPLARY  MEASUREMENTS 

The  redistribution  parameter  M  is  specific  to  the  resonator  design,  and  it  depends  particularly  on  the  geometry  of  the  cou¬ 
pling  holes  ( R,| )  and  on  the  surface  quality  of  the  mirrors  ( R, ).  In  our  actual  set-up,  it  has  been  assessed  by  varying  the 
material  and  the  surface  finish  of  the  flat  mirror  and  by  comparing  the  resulting  values  of  Qo.  The  Sapphire  specimen,  that 
was  studied  earlier  (  HEMEX  grade  ft'om  Crystal  Systems,  USA  ),  has  been  remeasured  using  the  M(T)  data  shown  in 
Fig.l.  As  shown  in  Flg.2,  the  scatter  in  the  data  is  decisively  reduced,  and  still  there  is  agreement  within  the  previously 
indicated  accuracy.  Included  into  Fig.2  are  also  results  obtained  for  HEMLUX  grade  Sapphire  (  Crystal  Systems,  USA  ) 
and  optical  window  grade  CaF]  ( Dr.Steeg  &  Reuter,  FRO )  from  an  International  Intercomparison  exercise. 


Fig.  1  The  redistribution  parameter  M(T)  Fig, 2  Dielectric  loss  of  Sapphire  ( HEMEX,  HEMLUX  grade ) 

as  determined  for  the  present  set-up  and  optical  window  grade  CaF, 
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ABSTOACT 

Backward-wave  oscillator  (BWO)  based  tunable  monochromatic  spectrometer  equipped  with 
computer  aided  control  and  data  processing  means  is  applied  for  liquid  (ethanol,  water,  mineral  oil) 
and  solid  (Si,  GaAs,  YBaCuO)  sample  characterization  in  the  frequency  range  above  200  GHz. 

SPECTROMEmR 

BWO  exhibiting  tunability  over  an  octave  in  the  range  above  200  GHz  are  used  as 
monochromatic  sources.  Oscillation  frequency  is  tuned  by  means  of  computer  -  aided  measuring 
and  control  (CAMAC)  system  with  IBM  PC  AT  386  serving  as  a  control  and  data  acquisition  unit. 
Free-standing  wire  grid  Fabry  -  Perot  cavity  and  teflon  lenses,  and  the  Golay  cell  detecting  system 
are  used  to  build  the  quasioptic  circuit.  Temperature  control  unit  is  designed  for  measuring  the 
solid  sample  reflectivity  when  cooling  down  to  liquid  nitrogen  temperature.  Liquid  cells  equipped 
with  a  precise  level  control  unit  are  used  for  measuring  the  refraction  index  and  absorption  of 
liquids  at  room  temperature. 


EXPERIMENTAL  RESULTS 
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Ceramics.  YBaCuO  ceramic  plate  is  employed  to  study  the  high  frequency  response  of  high 

T,  superconductors  at  various  temperatures.  Toge¬ 
ther  with  the  sample,  the  aluminum  mirror  of  the 
same  shape  have  been  placed  in  the  cryostat  in 
order  to  have  the  reference  value  of  reflectivity.  The 
results  (Fig.l)  show  pronounced  change  of  reflec¬ 
tivity  near  T,.  However,  reflectivity  docs  not  reach 
unity  below  T,  exhibiting  residual  absorption. 

Single  crystals.  High  resistivity  Si  crystal  plate 
transmission  exhibits  resonances  (Fig.2)  which  give 
the  index  of  refraction.  The  plate  in  turn  is  usable  as 
an  etalon  for  calibrating  the  frequency  vs  voltage 
dependence  of  BWO. 

Metal  meshes.  GaAs  single  crystal  is  used  as 
a  substrate  for  metal  mesh  produced  by  means  of 
j  «  vacuum  deposition  and  ultraviolet  photolitography. 

Fig.l.  Tempetatwe  dependence  of  reflec-  The  elementa.y  cell  of  the  mesh  i.  square,  however, 
tivit;.  for  YBaCuO  ceramics  and  A1  mirror  j„h,„up,ed.  The  transmittivity 
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370  420 

Frequency,  GHz 


Fig.2.  Frequency  dependence  of  transmission 
for  silicon  plate  (d-1110^). 


of  such  a  structure  exhibits  substrate  Fabry-Perot 
maxima  as  well  as  metal  mesh  elementary  cell 
resonance  minimum  at  428  GHz  (Fig.3).  The  trans- 
mittivity  is  dependent  on  whether  the  wave  electric 
field  oscillates  along  the  interrupted  strips  (curve  1) 
or  along  the  solid  strips  of  the  mesh  (curve  2). 

Liquids.  Measuring  cell  is  positioned  horizon¬ 
tally,  and  the  wave  beam  passes  in  vertical  direction. 
Liquid  layer  thickness  is  measured  by  filling  control 
unit,  and  Fabry-Perot  resonances  are  observed  at 
constant  value  of  wavelength  enabling  one  to  mea¬ 
sure  the  index  of  refraction  (Fig.4). 

Pure  mineral  oil  is  usable  in  phase  tuning 
whereas  water  and  ethanol  are  of  interest  for 
absorption  filters  and  attenuators. 


Frequency,  GHz 


Fig.3.  Frequency  dependence  of  transmission 
through  a  square  metal  mesh  (elementary 
cell  size  dBl83(i)  on  insulating  GaAs  subst¬ 
rate  (thickness  Da290^) 
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Fig.4.  Index  of  refraction  as  a  function  of 
wavelength  for  a  liquid  (mineral  oil) 
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V.V.Merlaicrl  and  E.E.Ohl^ral 
Institute  of  Radloenglneerln^  &  Eleotronlos 
Russian  Academy  of  Solenoes, 

Frdaalno,  Moscow  region,  141120,  Russia. 

ABSTRAOir 

Results  of  investigations  at  wavelengths  from  6.0  to  0.4  mm 
ofoptloal  oharaoteristios  (oomplez  refractive  index,  transmission  and 
reflection  coeffiolents,  including  anisotropic  characteristics)  of 
several  dozens  of  building  and  common  use  materials  are  presented.  The 
quasi  optical  methods  and  baoRward-wave  tubes  were  used  for 
measurements. 

1.  INTRODUCTION. 

Presently,  mm  waves  devices  are  of  great  interest  for 
communications  and  traffic  applications  as  well  as  effective 
instruments  for  nondestxniotive  test  of  materials,  manufactured  articles 
and  envlx*onment  11].  for  all  of  these  problems  it  is  Important  to  know 
how  mm  waves  propagate  in  corresponding  materials  and  media.  Here  we 
presents  some  results  of  mm  wave  property  measurements  of  building 
materials,  materials  for  clothes,  fumiture  etc. 

2.  measurement  methods. 

Modules  and  phases  of  transmission  and  reflection  coefficient 
depending  on  frequency,  temperature  and  water  content  have  been 
measured  using  the  beam  waveguide  spectrosoopy  methods  [2]. 

3.  EXPERIMENTAL  RESULTS. 

The  results  are  Bimnmarized  In  Tables  1  and  2.  The  measiirement 
errors  are  about  ±(1-2)*  for  |t|®  and  lr|®,and  3-5°for  arg(t)  arg(r). 
These  values  are  less  than  the  difference  between  the  cojTrespondlng 
values  for  the  paz'tloular  examples  of  the  same  materials. 

In  Table  1  n  Is  refractive  index,  tanO  -  loss  tangent.  Less  values 
of  tanO  (see  numbers  4,6)  are  correspond  to  oloctrioal  field 
perpendicular  to  wood  fibers.  Water  content  in  wood  less  than  78%. 
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Dable  1.  Building  materials,  mm,!E»20°G 


N  Material 

n 

tanO • 1 0^ 

1  Brick 

1 .8 

3. 5-4. 2 

2  Ooncrete 

2.4 

5. 0-5. 5 

3  Asphalt  (p“1.3  g/om^) 

1 .5 

8.0 

4  Pine-tree  wood  (p*»0.5  g/anr) 

1 .4 

3.4/2 

5  Glass 

1 .45 

5.0 

6  Veneer  (d»7.6  mm) 

1 .5 

2.6/1 .4 

7  Marble 

1  .5 

1 .0 

8  Orjsanic  Alaso 

1  .6 

_ _ 

In  Table  2  olothes  material  properties  are  presentedy  Here  d-  material 
thioimesB  n^^^-effeotive  refraotivo  index:  n^^^»A.'arg(t)/2''rc'd. 

Table  2.  Olothee  matariale,  .6 


N  Material 

IBIQ 

— 

d,mm 

1  Cloths  for  tents 

82-94 

<1 

0.2-0. 3 

0. 3-0.5 

2  01.  for  coat,  wool 

77-84 

<3 

0.1-0. 2 

2-4 

3  01.  for  suit,  wool 

85-99 

<1 

0.20-0.35 

0.5-1 .0 

4  Bilk 

89-93 

<1 

0.28-0.35 

0.15-0.25 

5  Leathers,  natural 

79-85 

<8 

0.35-0.46 

0.9-1 .5 

6  Leathers,  artificial 

87-92 

0.22-0.28 

0.7-0. 8 

7  Fur,  artificial 

75-89 

0.04-0.07 

4-12 

8  01. for  shirts 

92-95 

0.18-0.23 

0.2-0. 3 

Frequenoy  dependence  of  n  in  mm  region  is  weak  but  tanO  and  |t|^ 
vary  considerably  as  frequency  changes.  For  example  tanO  of  brick  at 
A.-6.3  mm  is  only  (0.7-1 .5 )  *10“^,  tanO  of  concrete  is  5.3*10“^. 
Transparency  of  clothes  decreases  as  frequency  increases  from  99-84% 
(see  Table  2)  at  1 .6  mm  to  76-37%  at  ^=0.4  mm. 

All  materials  have  strong  dependence  of  transparency  on  moisture. 
For  dry  materials  |t|^-9O-0O%  in  temperature  interval  T— 40-20°0,  for 
moisture  28%  |t|®“80-25%  with  shair  decay  from  65%  to  30%  near  0°0 

4.  ksfbrhnojbis. 

[1J.  H.lfeinel.  Millimeter  wave  system  design  and  application.  Alta 
Prcquenza,  vol  58,  No  5-6,1989,  441-456. 

[2J.  V.V.Meriakri,  Y.N.Apletalin,  A.N.Kopnin  and  others.  Submillimeter 
beam  waveguide  spectroscopy  and  its  application. ,  in  book  Problems  of 
modem  radio  engineering  and  electronics,  Nauka  Publishers,  Moscow, 
196  ',  pp.  197-1 96. 
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On  Um  moawromwit  of  tho  coniplox  dieloetric  eoiMtant  of  the  madlum 
Yu  Rone  Md  Xlniguo  LI 

Dept,  of  Electrlonio  Engineering,  Bast  China  Initituie  of  Technology 
Nanjing.  P.O.Code  210014,  P.R.China 

ABSTRACT 

A  method  of  measuring  the  complex  dielectric  oonaunt  of  the  medium  ia  proposed  in  this  paper.  Unlike  the  usual ' 
method,  this  method  is  based  on  measurement  techniques  and  the  numerical  calculation.  The  simplicity  and  accuracy 
of  this  method  Is  shown. 


1.  Introduction 

To  measure  the  dielectric  constant  in  the  millimeter  wave  range,  traditional  methods  such  as  closed-oavty 
resonator  method,  open-cavity  resonator  technique  and  open  dielectric  resonator  are  bocoming  more  and  more  im¬ 
proper. 

In  this  paper,  a  new  and  accurate  method,  which  ia  based  on  measurement  techniques  and  the  numerical  calcula¬ 
tion.  is  proposed.  Fig.l  shows  a  simplified  model  of  this  method.  A  Rill  height  sample  rod  of  radius  R,  is  centeredly 
inserted  in  an  ordinally  rectangular  waveguide  (ax  b).  The  waveguide  is  assumed  to  propagate  only  the  dominau 
TB,o  mode,  while  all  higher  modes  are  out  off.  Excitation  by  the  dominant  mode  TE,o  Ukes  place,  it  ia  obvious  that 
only  TEmo  mode  are  excited.  With  the  measurement  techniques,  the  equivalent  network  of  this  discontinuity  can  then 
be  obtained.  So  the  complex  dielectric  constant  of  this  medium  is  readily  derived  after  the  inverse  problem  of  the  ana¬ 
lysis  of  this  discontinuity  is  treated. 


Flg.1  The  simplified  model 
2.  FORMULATION 

2.1  Analysis 

The  main  steps  in  analysing  problem  which  is  shown  in  Fig.l  are  as  follows. 

A.  Lossless  Problem 

The  system  is  assumed  lossless.  In  order  to  facilitate  the  analysis,  the  waveguide  is  divided  into  three  regions;  the 
simple  rod  ,  region  I,  the  imaginary  region,  region  n  and  rectangular  waveguide,  region  m.  The  field  components  in 
each  region  are  expressed  by  using  the  mode  expansion  method.  Using  the  boundary  conditions,  the  equivalent  net¬ 
work  parameters  of  Fig.l  can  then  be  obtained.  It  is  readily  found  that  the  scattering  parameters  of  this  discontinuity 
can  be  obtained  through  the  following  equations  . 
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S„  -0.5M|  -f^l) 

J„-0,5M;-W|)  (I) 

where  aJ  end  A?  are  the  reflective  coefllciente  A,  in  the  charaoteriitJc  equationi  under  the  excitation  of  the  two  eigen 
incident  wave  paira,  reipectively. 

B.  Loity  problem 

It  ii  well  known  in  mathomotics  that  if  the  following  equations  can  be  used. 


A*'.. 


(2) 


Using  above  exproulon  and  equation  (I),  the  lossy  problem  of  this  discontinuity  oan  then  be  solved  easily.  As 
long  as  (In  fact,  It  is  always  true  in  praetico),  the  results  of  equation  (2)  are  accurate. 


2.2  Optimisation 

Till  now,  we  have  a  basis  for  optimliation.  Actually,  the  problem  treated  here  is  the  inverse  problem  of  the  above 
analysis.  Using  measurement  techniques,  wo  oan  measure  the  scattering  parameters  of  the  discontinuity  as  shown  in 
Fig.l .  Assumming  that  its  measured  scattering  matrix  is  [S*],  the  following  objective  (hnctional  oan  be  constructed. 

f-ij„(s,)-j;,)i’+|j„(s,)-s;,i*  (3) 

It  is  obvious  that  F  in  above  equation  will  be  aero  when  the  unknown  value  oft,  approachs  the  actual  value. 
Therefore,  with  the  POWELL  optimization  method,  the  parameters,  of  the  medium  oan  be  obtained. 

3.  NUMERICAL  RESULTS 

As  a  measurement  method  here,  the  optimization  speed  of  obtaining  the  numerical  sotuMon  Is  much  concerned 
about.  So  the  following  work  is  done.  In  the  part  of  analysing  the  discontinuity,  the  correctness  of  the  calculation 
method  is  proved  using  two  principles,  i.e.,  power  conservation  and  the  convergence  of  the  numerical  solutions.  As  an 
example,  we  found  that  when  KqS,  R,  /  a  equal  4  and  0.1,  respectively,  the  redeutive  coefficients  of  equations  (1)  are 
obtninod  rapidly,  whore  only  five  modes  are  considered  in  the  waveguide.  This  shows  that  being  the  inverse  problem, 
the  permittivity  s,  of  the  measured  medium  can  be  obtained  easily,  by  way  of  the  POWELL  method  and  equation  (3). 

4.  CONCLUSION 

This  paper  introduces  a  new  method  of  measuring  the  permittivity  of  the  medium.  To  prove  the  validity  of  this 
method,  the  Investigation  on  this  method  is  made.  With  the  personal  computer,  we  found  that  it  la  an  effbctlve  method 
of  combined  measurement. 
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Birefringence  and  dichroism  in  magnetic  fluids,  induced  by  Magnetic  Held  in  frequency  range  36  OHz  -  600  OHz. 

Semenov  A.V.,  Vinogradov  E.A. 

Submllllmeter-Range  Physics  Laboratory,  General  Physics  Institute,  Russian  Academy  of  Science,  1 17942, 

Moscow,  Russia 

ABSTBACI 

The  frequency  dependence  of  complex  refraction  index  and  Induced  anisotropy  in  magnetite  ferrofluid  and  its 
components  were  evaluated  from  transmission  spectra,  measured  with  BWO'Spectrometer,  using  interference  model 
of  three-layer  cell.  The  value  of  birefringence  of  ferrofluid  (dielectric  nature,  cluster  model)  is  greater,  frequency 
independent  and  has  opposite  sign  compared  to  that  of  ferrite  (magnetic  nature). 

2.  INTRODUCTION 

The  experimental  study  of  the  behaviors  of  complex  refractive  index  and  field  Induced  birefringence  and  dichroism 
of  ferroflulds  in  wide  frequency  range  covering  40  -  550  OHz  was  made.  Such  investigation  seems  to  be  important  to 
enhance  the  understanding  of  physical  phenomena  in  ferroflulds  •  a  new  class  of  artificial  substances  of  both  scientific 
and  applied  interest.  These  substances  are  colloidal  solutions  in  which  ferromagnetic  colloidal  particles  (30-70 
Anptrom  diameter)  are  stably  dispersed  in  organic  solvent.  The  particles  are  covered  by  monomolecular  layer  of 
suriactant  to  avoid  aggregations. 

There  arc  many  Investigations  of  magnetic  field  induced  anisotropy  in  visible,  IR  range.  The  paper  '  describes  similar 
measurements  made  by  DFT-Spoctroscopy  methods  in  frequency  range  320  OHz  -  700  OHz. 

The  main  advantage  of  our  measurements  is  the  usage  of  quasloptlc  monochromatic  spectrometer  with  tunable 
Backward-Wave-Osclllator  (BWO)  as  n  source  of  a  stable  and  monochromatic  CW  radiation.  The  single  BWO 
continuously  covers  frequency  band  of  about  an  octave,  while  with  the  set  of  BWO  It  is  possible  to  get  measurements 
in  the  range  from  8  mm  down  to  0.3  mm  without  pps  and  with  relative  resolution  greater  than  30,000.  The 
reproduceablllty  of  spectra  is  order  ofO.5% .  The  wave  l^m  of  50  mm  in  diameter  was  shaped  by  teflon  lens,  while 
the  ilmllar  lens  focused  the  radiation  onto  the  detector  window. 

The  samples  of  ferrofluid  were  the  colloidal  suspensions  of  single  domain  particles  of  magnetite  Ft  aO  4  in  kerosene 
at  concentrations  10%.  The  average  particles  dimension  was  9  nm  in  diameter,  The  ferrofluids  were  sealed  in  the 
cells  of  50  mm  diameter  between  the  2mm-thick  melted  silica  windows.  Two  cells  of  thicknesses  1 2  and  3  mm  between 
windows  were  used  for  measurements. 


aJd&IHQP 

The  transmission  spectra  for  each  BWO  (in  the  frequency  range  1/2- 1/3  octave)  were  measured.  To  measure  the 
Induced  anisotropy  the  samples  were  placed  between  two  poles  of  a  magnet  (perpendicular  configuration,  intensity 
0.3  T  -  greater  than  sa^ratjpn  field).  To  estimate 
induced  anisotropy  (n  o ,  a  «)  two  transmission 
spectra  were  measured  In  the  same  frequency 
range:  for  ordinary  (S  W  If)  and  extraordinary 
(If  -f  7t)  beams. 

The  complex  refractive  index  was  calculated 
using  generalized  formula  for  three-layer  sell 
(window-ferrofluid-window)  system  to  fit  the 
experimental  data.  The  linear  term  of  dispersion 
of  complex  refractive  index  was  taken  Into 
account.  The  necessary  complex  refractive  index 
of  silica  windows  was  measured  beforehand.  The 
possibility  of  evaluation  of  both;  imaginary  k  and 
real  n  parts  of  complex  refractive  index  from 
transmission  spectra  only  was  based  on  the 
presence  of  Interference  tmtween  the  windows. 

The  12mm  spacing  at  low-frequency  and  3mm  at 
high-frequency  end  was  chosen  for  optimum 
interference. 
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4.  RESULTS 

Figure  1  shows  «  fragment  of  transmission  spectra  (dotted 
curves)  fitted  as  mentioned  above  (solid  curves) .  These  3  curves 
are  transmission  spectra:  1  -  ordinary,  2 -without  magnetic  field, 

3  -  extraordinary.  Good  agreement  of  experimental  spectra  | 
(points)  and  fitted  theoretical  curves  (solids)  shows  that  three  ^ 
layer  function  gives  adequate  approximation  of  spectra.  One  can  t 
see  the  frequency  oscillations  of  transmission  spectra.  These  t 
oscillations  have  two  distinct  periods.  The  longer  period  (»S0  I 
OHs) correspondstothcinterferencewithinslllca wlndowsoniy. 
The  shorter  (-10  OHs)  is  due  to  the  interference  in  the  whole 
cell  (window-fluid-window)  -  the  presence  of  these  very 
oscillations  provides  the  following  accuracy  of  complex  refractive 
index ! 0.1  %- for M,  2% -for*. 

The  dependencies  of  real  and  imaginary  parts  of  complex 
refractive  index  for  three  configuration  (/!« ,  n ,  n«)  are  shown  in 
the  Pig.  2  and  Fig.3  correspondingly.  The  refraction  index  only 
slowly  falls  down  (from  n*  1 .795  down  to  1 .795)  u  frequency 
rises  (from  /■i450Hx  up  to  /■i500OHz)  without  any  specific 

points  as  it  was  stated  in  ^  Absorption  coefficient  increases  from 
*«0.029  up  to  A-0.042  with  the  increase  of  frequency.  Absorption 
coefficient  for  ordinary  beam  exceeds  that  for  extraordinary  one 
by  the  factor  of  1.4  at  the  lowest  frequency  and  this  coefficient 
only  slightly  changes  up  to  the  highest  frequency. 

nisnissiON 

Similar  measurements  for  typical  VHP  ferrite  type  lC-4  has 
shown  the  opposite  sign  of  induced  birefringence  and  decrease 
it’s  value  by  quadratic  low  •  the  normal  behavior  of  magnetic 
susceptibility. 


We  attribute  the  cause  of  the  magnetic  birefringence  and  dichrolsm  of  the  magnetic  fluid  to  the  linear  cluster  formation 

of  the  magnetic  colloidal  particles  in  the  field  direction  as  *.  These  clusters  are  divided  into  two  classes  One  is 
so  small,  that  can  not  be  observed  with  optical  microscope  (1-20  particles)  and  the  other  Is  a  macrocluster  which  is 
large  enough  to  be  observed  (5-30  rokm). 


Like  ^  (he  magnetic  Held  induced  anisotropy  for  extraordinary  ray  is  about  2  times  greater  then  that  for  ordinary  ray. 
It  can  be  explained  by  chain-like  cluster  model,  which  predicts  this  constant  difference  even  from  0.5mkm  to  dc.  The 
Induced  anisotropy  for  extraordinary  ray  Increases  as  frequency  rises.  The  spacing  of  the  particle  chains  is  less  then 
the  wavelength  of  radiation. 

6.  SUMMARY 

The  system  of  parallel  dielectric  fibers  with  non-tero  real  and  imaginary  terms  of  refractive  index  is  likely  to  be  a 
valid  electrodynamlc  model  to  doKribe  birefringence  and  dichrolsm  of  ferrofluid.  It  is  very  promising,  that  refraction 
coefficient  Is  close  to  that  of  fused  silica  and  the  birefringence  and  dichrolsm  are  high  (about  0.05  of  absolute  value) 
and  are  nearly  uniform  over  the  whole  frequency  range. 
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NM-wave  dieloctrlc  maaauramenta 

with  an  alactric-'flald  oroaa-corralation  Fourier  tranaform  apectrometer* 

Ding  Hanyi  and  Zhang  Quangehao 

Biectronica  Dept.,  Zhongahan  Unlveralty 
Guangzhou  (510275)i  P.R.Ohina 


ABSTRACT 

Thia  paper  deaoribaa  a  method  for  meaauring  dleleotrlo  complex  permittivity 
baaed  on  an  eleotrio-field  oroaa-oorrelation  Pourier-tranaform  apeotrometer. 
The  method  ia  a  time-domain  onei  ita  principle  can  be  extended  over  the  whole 
microwave  region.  The  parametera  of  Teflont  plexigraaa  and  a  kind  of  aand  ware 
meaaured  in  8mm-wave  region,  the  accuracy  of  three  or  four  algnifioant  figurea 
of  c  can  be  achieved,  and  the  relative  accuracy  of  tend  ie  only  about  lOX. 

P 


It  TH8  MEASVRINq  PRItiflIRLB 

The  baaio  formulae  of  the  electric-field  oroaa-oorrelation  apectrometer  la*: 

f-.  ..  I  /  •.  (1  «  r  i  N)  (II 

li.Ii  Tha.  igliiLJBtaiman 

For  a  lamellar  apecimen  in  the  rectangular  waveguide  (Fig.l),  we  oan  derive: 

i  =  4k,,  )<!]/(.*„%,  -ii„)’«P(-«k„d)]  (2) 

Where  it  s  [(«/o)*c  =e  (l-itan®). 


1.2.  The  bulk  powder  apecimen 


For  the  oaae  in  which  two  wlndowa  are  made  of  the  aame  material  (aee  FlgiZ). 
and  uaing  the  two-length  method,  if  d  s  d^^-  d^,  la  amall  and  not  great,  an 

accurate  and  aimple  enough  approximate  formula  oan  be  obtained  aa  following: 

«  =A,.  [2K»-  .roUn(t,/t^)l/A,d  ,K=l„t,g.r)  (3) 

y  j  lti[(2|  ♦  ll|)‘'’l/A,d 


and 


{ 

{; 


a  a 
=  A^+  X  -  y 


and  =  -2xy/c 


r  X 


r  A^=  (o/2af)*  ,  A,s  Znf/cl 
'■  A.=  (l-A^)‘^*  J 


Where  &  s  fi  4  iC ,  =  £ ,  /C ,  la  the  ratio  of  total  complex  Inaertiun  loaa 

P  i  1  31 

(including  apeoinien  and  two  wlndowa)  of  twa  difierfint 

*  Supported  by  Foundation  of  Speoialitiea  Opened  to  Doctorate  Study. 
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Table  1  and  2  give  results  measured  and  reference  values.  For  the  powder 
specimen,  two  windows  are  made  of  teflon  and  two  lengths  of  sand  are  22.70mm 
and  19.70mm. 

Table  1  Relative  permittivity  and  lose  tangent 


Spec imen 

Measuring  results 

Reference^ ’  * 

e  tanS 

r 

c  tan6 

r 

Teflon 

Plexiglass 

2.064±.007  (9±l)xl0“t 

2.667±.002  (9il)xl0 

,2.08  6x10"*, 

n  S2.663  7.8x10 

Table  2  The  dielectric  parameter  of  the  shaped  sand 


Packingjdensl ty 
a/cm 

Relative 
perml  ttlvl  ty. 

tanO 

Frequency 

Ref. 

1.47 

2.45  ±  ,03 

.02  t  .009 

STrrreHB 

2.036 

STTTr 

0.66^ 

2.224 

3.194 

0.007 

1  1  nUw 

A 

2.236 

3.199 

0.008 

X  xunE 

2.242 

3.223 

0.009 

9i. 

Although  the  measurement  above  is  still  a  primary  one.  yet  the  principle  has 
no  limitation  to  be  used  in  other  microwave  ranges  and  the  method  has  potenti¬ 
alities  to  do  accurate  dielectric  measurements. 
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Fig.l  The  solid  specimen 


Fig.2  The  bulk  powder  specimen 
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for  substance  investigations 

A.A.Vertiy,  I . V . Ivanchenko  and  N.A.Popenko 
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ABSTRACT 

The  quasy-optlcal  two-frequency  radiospectrometer  was  created.  The 
results  of  the  electron-nuclear  systems  investigation  of  the  dynamic 
nuclear  polarization  targets  are  presented,  In  particular  temperature 
dependences  of  the  nuclear  polarization  relaxations  were  measured. 
Complex  solution  of  HMBA-Cr^  in  1.2-propylene  glycol  was  used  as  the 
target  substance. 

2 ■  RADIQSPECTRQMETER  DESCRIPTION 

In  the  present  paper  the  quasi-optical  two-frequency  radio- 
spectrometer  is  described  (  frequency  of  the  electron  paramagnetic 
resonance  (EPR)  Pc  si20GHz-150QHz *,  frequency  of  the  nuclear  magnetic 
resonance  (NMR)  P^  -200MHz  ).  The  radlospectrometor  operates  in  the 
temperature  range  1.7K-4.2K  and  in  the  magnetic  fields  Ho‘^5T, 

A  radlophyslcal  block  of  the  spectrometer  is  a  semisymmetrical  open 
resonator  (OR).  The  substance  to  be  investigated  is  placed  into  a 
special  dielectric  cuvette , fixed  at  the  central  part  of  the  plane 
reflector,  In  our  case  a  double-diffraction  grating  (DDG)  consists  of 
a.  silver  wire  and  is  used  as  a  NMR  contour  inside  the  cuvette, 
containing  the  substance.  The  orientation  coils  of  the  DDG  are  along 
the  H  vector  of  the  high  frequency  OR  field.  Thus,  the  high  frequency 
and  the  radio  frequency  magnetic  fields  are  all  mutually  orthogonal, 
that  is  necessary  for  the  "ENDOR"  experiments.  The  experimental 
investigations  show  that  the  fundamental  and  two  high  modes  in  such 
electromagnetic  system  are  excited.  The  special  structure  of  the 
fundamental  mode  represents  a  slightly  deformed  TEMooq  mode  and  has 
the  across  field  size  equal  to  the  region,  containing  the  substance. 

The  quality  factor  Q=3 , 2’*'10'^  .  Consequently  such  complicated 
electrodynamic  system  can  be  consiav>red  as  a  resonance  EPR  cell  [1]. 

We  have  used  a  synchronic  detection  scheme  for  the  Increasing 
sensitivities  of  the  EPR  and  NMR  contours.  Constant  magnetic  field  Ho 
of  the  superconducting  solenoid  was  modulated  by  the  periodical  signal 
with  the  frequency  Fo=920Hz. 

3.  EXPERIMENTAL  RESULTS 

The  HMBA-Cr^  complex  in  propylene  glycol  was  Investigated  on  the 
radiospectrometer  in  the  "polarized  nuclear  target"  regime.  A  high 
nuclear  polarization  may  be  received  with  the  help  of  the  "dynamic 
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nuclear  polarization"  (DNP)  methods  [2].  Now  it  is  known  that  the 
strong  thermal  coupling  between  the  "container"  of  the  electronic 
dipole-dipole  spin  system  and  the  nuclear  Zeeman  system  in  that 
complex  exists  [3],  i.e.  the  basic  DNP  mechanism  is  "dynamic 
cooling".  Therefore  the  EPR-line  must  be  saturated  by  the 
electromagnetic  field  of  the  superhigh  frequency  (SHF)  near  of  the 
resonant  frequency;  Ff  sl26.6aHz.  The  magnitude  of  the  constant 
magnetic  field  was  Hos4.77T  and  NMR  contour  frequency  was  ]5»^al92MHz. 

The  pola^L'ization  magnitude  can  be  controlled  by  means  of  the  NMH- 
signal  magnitude  at  the  output  of  the  spectrometer.  The  high 
sensitivity  of  the  NMR  contour  allows  to  registrate  a  NMR-slgnal  which 
is  proportional  to  the  equilibrium  polarization  magnitude  Po.  In  our 
case  Po=l.l*10’*.  When  maximum  polarization  P  is  achieved  the  SHF 
electromagnetic  field  Is  switched  off  and  we  observe  a  process  of 


The  analysis  of  these  curves  P=f(t)  shows  the  unmonoexponential 
character  of  such  dependences.  It  is  a  fact  of  existence  of,  at  least, 
two  channels  of  the  energy  escape  from  the  nuclear  system.  The  breakup 
times  of  nuclear  polarization  were  measured  in  the  temperature  ranges 
T=1.7K-4.2K.  For  example,  for  T^s!4.2K  we  have  tj^sSsec;  for  T^aZ.OK  we 
have  tga2  6sec. 

The  described  radiospectrometer  allows  to  carry  out  investigation 
of  paramagnetic  substances  by  means  of  the  "ENDOR"  and  "NEDOR" 
methods . 

4.  REFERENCES 

1.  Charles  P. Poole,  "Electron  Spin  Resonance",  Interscience 
publishers,  New  York-London-Sydney ,  1967. 

2.  Carson  D.  Qeffries,  "Dynamic  Nyclear  Orientation",  Interscience 
publishers.  New  York-London-Sydney,  1963. 

3.  A.A.Vertiy,  Yu.  Popkov  et  al ,  "Investigation  of  the  proton  dynamic 
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Dielectric  losses  in  gases  under  ionizing  radiation 


J.  Molld,  A.  Ibarra,  E.  R.  Hodgson 
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1.  INTRODUCTION 

In  future  fusion  reactors  as  well  as  in  intermediate  machines,  such  as  ITER  or  NET,  there  will  be 
a  new  dimension  when  compared  with  actual  machines,  and  that  is  the  presence  of  a  high  radiation  field, 
both  ionizing  and  displacement.  This  requires  the  design  and  development  of  radiation  resistant  systems 
which  may  be  operated  under  radiation.  In  the  case  of  heating  systems  the  measurements  of  radio 
frequency  window  materials  has  been  started  only  recently  to  be  performed  under  radiation*.  These 
measurements  should  be  made  with  special  attention  due  to  the  perturbation  induced  by  the  ionization  of 
the  filling  gases.  This  effect  could  also  be  important  in  high  power  heating  systems  based  in  pressurized 
waveguides  due  to  the  presence  of  ionizing  radiation^.  Here  the  radiation  effects  on  the  dielectric 
properties  of  different  gases  at  atmospheric  pressure  are  presented. 

2.  EXPERIMENTAL  SET-UP 

The  measurement  system  is  based  on  a  closed  aluminium  cylindrical  cavity  (  30  mm  diameter,  34 
mm  long,  operating  by  transmission  in  TEOln  mode  )  placed  at  the  end  of  the  beam  line  of  a  Van  de 
Oraaff  accelerator.  1 .8  MeV  electrons  enter  the  resonator  through  an  aluminium  window  producing  up  to 
3200  Gy/s.  The  microwave  power  is  coupled  through  rectangular  slots,  also  used  for  the  gas  flow  through 
the  cavity. 

Dielectric  properties  of  the  studied  gas  are  calculated  from  comparison  between  the  resonant 
frequency  and  quality  factor  of  the  resonator  filled  with  air  and  with  the  gas.  The  equations  which  relate 

the  dielectric  properties  of  the  gas  (  e  and  tan  5  ),  and  the  characteristics  of  the  resonance  (  Q-factor  and 
resonant  frequency  fp )  are: 


tan  5  =  tan  +  —  - 

c. 


J_ 

Qo 


where  the  subscripts  o  and  g  mean  values  with  air  and  gas  filling,  respectively. 

The  resonant  frequency  and  quality  factor  arc  measured  using  the  procedure  described  elsewhere^ 
and  depend  on  the  cavity  temperature.  During  irradiation  the  cavity  warms  up,  hence  the  linear  expansion 
and  resistivity  coefficients  of  aluminium  at  room  temperature  have  been  used  to  take  into  account  this 

temperature  increase  ( maximum  15  “C  ).The  uncertainties  in  the  measurements  of  temperature  (8T  «  1"C) 
and  quality  factor  (6Q/Q«  50/1 5000  )  give  rise  to  uncertainties  of  approximately  10'^  in  permittivity  and 
3xl0'7  in  loss  tangent,  The  dose  rate  during  irradiation  was  constant  to  within  ±5%. 

3.  RESULTS  AND  DISCUSSION 


The  dielectric  properties  of  dry  air,  helium,  nitrogen,  argon,  CO2,  and  SF^  have  been  measured 
during  irradiation,  as  a  function  of  dose  rate.  On  irradiation,  no  change  is  observed  in  the  permittivity.  In 
the  case  of  loss  tangent,  the  variation  with  dose  rate  is  for  some  of  the  gases  quite  marked,  see  figure. 
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Values  without  radiation  are,  in  all  cases,  below  the  resolution  limit.  During  irradiation,  a  strong  increase 
of  dielectric  absorption  is  found  for  argon,  nitrogen,  helium  and  CO2,  while  no  effect  is  detected  either 
for  SFe  or  dry  air.  In  those  gases  in  which  a  radiation  effect  is  observed,  the  increase  in  loss  tangent  is 
approximately  linear  although  the  data  are  best  fitted  by  a  (dose  rate)^-^  dependence. 

The  radiation  enhances  the  conductivity  of  the  gases  which  will  depend  on  their  ionization  and 
recombination  efficiencies.  The  increased  conductivity  increases  the  microwave  absorption  given  by; 


tan5  - 

~  ruEo  ”  'w.v.coeo 

where  n  is  the  free  electron  density  and  Vc  the  electron  collision  frequency  . 
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Instr.  and  Measurement  ( August,  1993  ) 


0  12  3  4 

dose  rate  (  kGy/s  ) 


Figure  1.  Loss  tangent  vs  dose  late  for  argon  (  ♦  ),  nitrogen  (  ■  ),  helium  (  A  )  and  CO?.  (  •  ) 
Values  for  dry  air  (  y  )  and  SFfi  (  O  )  are  lower  than  10‘7. 
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ABSTRACT 

Bxparimantal  avidanca  of  mllliinatai’»wava  phaaa  conjugation  by  raaonantly  anhancad  daganarata  four*w«va  mixing 
(DFWM)  ia  praaantad  for  tha  fint  tima.  Nonlinaar  mlllimatar»wava  intaraetlon  wu  cauaad  by  aaturation  of  traniitlon 
batman  rotational  lavab  of  gaaaoua  carbonyl  aulfida  (OSO).  For  radiation  with  A  *■  1.64  mm  phaao^coi^ugata 
raflaetivity  of  about  0.4  %  baa  baan  obaarvad  at  tha  gaa  tamparatura  300  K,  and  undar  optimal  prauura. 

a.  INTRODUCTION 

Raeantly  a  conaidarabla  iutaraat  haa  ariaan  for  Invaatigation  of  fou^wava  mixing  of  tha  miUlmatar  and  cantimatar 
wavaa  ia  nonlinaar  madia.  Thla  intaraat  la  cauaed  by  graat  proapaeta  of  uaing  DFWM  for  phaaa  conjugation^  (PO)  of 
mlcrowavaa  on  a  raal  tima>aeala,  amplillcation  and  ganaration  of  alaotromagnatie  wavaa,  control  of  thalr  apactral  and 
apatio-tamporal  charactariatica,  ate.,  that  can  bacoma  uaaful  appUcationa  for  radaring,  communication,  navigation 
and  a  nuitdrar  of  othar  flalda,  Wa  hava  naliaad  DFWM  of  mUlimatar  wavaa  for  tha  int  tima.  Qaaaoua  carbonyl 
aulfida  (OSO)  waa  uaad  aa  a  nonlinaar  medium.  Nonllnaarity  of  auch  medium  la  cauaad  by  powar  aaturation  of 
abaorptlon  by  tha  rotational  tranaition  of  OSO  dlpola  molaculaa’.  Tha  advantagaa  of  auch  nonlinaar  madtum  ara 
that  it  la  bacomlng  aaay  to  produca,  convaniant  to  uaa,  and  h^a  a  faat  raaponaa  tima.  Thla  nonlinaar  madlum  la  moat 
afficiant  in  tha  abort  miUimatar  and  aubmllUmatar  ragion,  whara  dipola  molaculaa  hava  atrong  rotational  abaorptlon 
linaa. 


t.  EXPERIMENTAL  SET-UP 

Tha  Khama  of  axparimantal  aat-up  ia  glvan  In  Fig.l.  A  gyrotron  with  pulaad  magnetic  field*  waa  uaad  aa  a  aourea  of 
powerful  mlllimatai^wava  radiation  (A  m  1.64  mm).  Tha  gyrotron  firaquancy  waa  tuned  to  tha  canter  of  tha  apactral 
Una  of  tha  rotational  tranaition  15  *-  14  with  tha  accuracy  m  10  MHa.  For  thla  rotational  tranaition  lina*cantar 
aaturation  intanaity  ia  Ifut  8(^o/^T)*,  whara  ia  maaaurad  in  W/cm*,  gu  praaaura  P  in  Torr,  and  gu 
tamparatura  7  in  K,  with  ■■  1  Ibrr  and  Tq  ■  300  K.  Tha  gyrotron  radiation  power  at  tha  frequency  of  thla 
rotational  Una  canter  waa  30  kW.  Gyrotron  radiation  wu  converted  bto  a  quui-OauMian  beam  with  a  paraboUc 
reflector  and  a  diaphragm  Dl,  By  aid  of  plana  mirror  Af  1  tha  pump  beam  /  wu  dlrutad  through  a  quarti  wbdow 
Into  a  metal  vuuum  chamber  (with  internal  diameter  IS  cm  and  length  SO  cm)  flUad  with  gaaaoua  080.  Tha  pump 
wave  intanaity  I  b  tha  canter  of  tha  beam  did  not  axcud  300  W/cm*.  Tha  back  waU  of  the  chamber  aarvad  u  a 
plana  mirror  (ii/2)  and  wu  uaad  to  form  tha  backward  pump  beam  3.  Tha  chamber  wu  placed  b  a  tharmoatat  and 
cooled  with  dry  lea  to  tha  tamparatura  w  300  A  to  bcraaM  resonant  abaorptlon.  Tha  aignal  beam  a  wu  formad  by 
maana  of  beam  apUttar  SI  and  diaphragm  D2  and  wu  dlractad  bto  tha  chamber  at  tha  angle  6  to  tha  pump  beam  /. 
At  tha  boundary  of  tha  gauoua  madlum,  tha  ratio  of  btanaltiu  at  tha  maxlmuma  of  tha  pump  and  aignal  Uama  wu 
approximately  1.5,  and  thalr  widths  ware  7.5  and  6.5cm,  rupactivaly.  Optical  axu  of  tha  aignal  and  pump  beams 
wars  croBud  at  tha  aurfaca  of  mirror  M2,  hence  tha  lan^h  of  tha  wave  intaraetlon  region  wu  approximately  equal 
to  tha  doubled  length  of  tha  vacuum  chamber.  Two-pau  optical  thlcknau  of  the  gu  at  tha  canter  of  tha  unsaturatad 
rotational  Una  wu  equal  to  3  at  7  200  K.  Tha  raflactad  wave  e  ruulting  from  DFWM  b  gu,  wu  dlractad  to 

racaivbg  syitam  R  by  quarts  beam  spUtter  S3. 


4.  RESULTS 

If  tha  signal  and  pump  beams  ware  directed  bto  tha  vuuum  chamber  simuUanaousIy,  than  at  prauuras  lower  than 
SO  Torr  (7  ■  300  K),  movable  racaivbg  system  A  datactad  phBso>conJugata  wave  o.  The  fut  that  tha  raflutad  wave 
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e  «ru  productd  by  DFWM  in  gu  wu  confimad,  baiidat  tha  oppoaita  to  lignal  wnva  diraction  of  ita  propagation, 
by  diaappaaranca  of  tha  wava  e  whan  aithar  of  the  two  baama  incidant  at  the  gaa  in  chamber  waa  bloehad  by 
either  tha  aignal  beam  or  tha  pump  beam.  Tha  dapandenca  of  tha  phaaa-conjugata  reflectivity  on  gaa  praaaura  at 
tha  tamparatura  T  200  K  wu  experiinantally  inveatigatad.  Tha  rcaulta  of  thaae  mauuramenta  are  preunted  in 
Fig.  2.  The  maximal  phua-conjugata  reflectivity  m  0.4  %  wu  obaarvad  under  gaa  preuura  7  Torr,  when  aaturation 
parameter  of  rotational  tranaition  wu  cloaa  to  1.  Raaponu  time  of  auch  gaaaoua  media  which  ia  determined  by 
the  relaxation  time  of  population  difference  of  molecular  rotational  lavela  wu  ~  10  na  at  the  gu  preuura  ~  10  Torr. 

6>  BJBPSllXtNCSS 
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Fig.  1.  Experimental  aat-up 


(JA.S  rKK.SSliXK  I’  (Torr) 

Fig.  %  Dependance  of  phue-conjugata  reflootivity  on  the  gu  pi  ?uuro 
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PRESSURE  BROADENING  OF  SO2  BETWEEN  90  K  AND  600  K 
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ABSTRACT 

Tha  raaulta  of  racant  atudiaa  of  SO2  praaaura  broadanad  by  H2,  Ma,  02»  and  N2 
will  ba  praaantad.  Thia  la  part  of  tha  variabla  tamparatura  praaaura  broadaning  atudiaa  of 
varioua  molaculaa  batwaan  90  K  and  600  K.  Tha  4(2,2)>3(1,3),  13(1,13)-12(0,12),  and 
26(4,22)*26(3,23)  tranaitiona  of  tha  ground  vibrational  atata  of  SO2  ara  atudlad  batwaan 
236  and  500  K.  Maaauramanta  at  othar  tamparaturaa  ara  in  prograaa  at  thia  tima.  Raaulta 
for  tha  tamparatura  dapandanca  of  tha  praaaura  broadaning  paramatara  will  ba  diacuaaad 
and  comparad  with  tha  raaulta  of  pravloua  atudiaa  on  othar  molaculaa.  Any  trand  In  tha  300 
K  broadaning  paramatara  and  tamparatura  coafficiant  aa  a  function  of  thair  quantum 
numbara  will  ba  notad. 

INTRODUCTION 

Praaaura  broadaning  data  obtainad  through  ramota-sanaing  hava  long  providad 
information  for  undaratanding  tha  tranamiaaion  propartiaa  of  radiation  through  planatary 
atmoapharaa,  and  aatabllahlng  thaoratical  modal  for  tha  uppar  atmoaphara  chamlatry.  Tha 
propar  undaratanding  and  tha  accurata  intarpratation  of  tha  ramota-aanaing  data  raquiraa  tha 
collaction  and  compilation  of  tha  laboratory>baaad  data.  Aa  a  part  of  our  Invaatigation  on 
tha  praaaura  broadaning  maaauramanta  of  varioua  molaculaa,  aoma  preliminary  raaulta  for 
tha  tamparatura  dapandanca  of  tha  praaaura  broadaning  paramatara  of  tha  aalactad  linaa  of 
SO2  will  ba  praaantad.  Thia  la  ralativaly  light  aaymmatric  rotor  with  larga  dipola  momant 
and  b'typa  tranaitiona.  Aa  auch,  It  haa  many  atrong  tranaitiona  throughout  tha  mllllmatar 
and  aub  miillmatar  apactral  region.  Tha  hydrogen  (Ho),  hallum  (Ha),  oxygan  (Do),  and 
nitrogan  (N2)  praaaura  broadaning  coafficlanta  of  tha  4(2,2)-3(1,3),  13(1,13)-12(0,12),  and 
26(4,22)-26(3,23|  rotational  linaa  at  235.151  GHx,  251.199  GHz,  and  180.807  GHz 
raapactivaly,  will  ba  diacuaaad.  Tha  raaulta  for  tha  tamparatura  dapandanca  of  tha  praaaura 
broadaning  coafficlanta  and  croaa  aactiona  will  ba  comparad  with  our  racant  atudiaa  on 
othar  molaculaa,  like,  H2O  and  HDO  [1-31.  Tha  tamparatura  dapandanclea  ara  over  tha 
range  from  80  K  to  600  K. 

EXPERIMENTAL 

Tha  broad  band  apactromatar  uaad  in  tha  axparimanti  la  daacribad  in  rafaranca  4, 
Maaauramanta  ware  taken  In  two  diffarant  calla.  A  quartz  aquilibrium  call  waa  uaad  for 
maaauramanta  at  room  and  highar  tamparaturaa.  Low  tamparatura  maaauramanta  ware 
taken  In  a  colllalonally  cooled  call  [4].  Ita  tamparatura  la  continuoualy  variabla  from  80  K  to 
300  K,  with  tha  uaabla  uppar  limit  aat  by  tha  trapping  point  of  tha  apactroacoplc  gaa.  Data 
ware  recorded  In  tha  'true  line  ahapa'  mode  in  which  the  frequency  of  tha  ayatam  la  awapt 
by  tha  microprocaaaor  controlled  aynthaaizar  at  a  rata,  relative  to  tha  bandwidth  of  the 
ayatam,  ao  that  tha  line  ahapa  ia  praaarvad. 


83 


M4.11 


RESULTS  AND  DISCUSSION 

At  tach  tamparstura,  lina  width  maaauramants  wara  mada  at  about  25  diffarant 
prasaurat  batwaan  0.C5  and  1 .0  Torr.  Bacauaa  at  iowar  praaauraa  tha  Dopplar  width  la  not 
nagllgibla  comparad  with  tha  colllalonal  llnawldth,  a  fit  to  a  Voight  proflla  waa  uaed  to 
axtraet  tha  llna width  Av.  Tha  praaaura  broadaning  ooafflelant  y  for  aach  tamparatura  waa 
obtalnad  from  a  laaat-aquaro  fit  of  tha  data  to  tha  raiation 

Av-yP  +  Avq  id 

whara  P  ia  tha  praaaura  and  Avq  ia  a  fraa  paramatar.  1‘ha  tamparatura  dapandanea  of 
praaaura  broadaning  coafficlanta  and  croaa  aactlona  ara  oftan  daacribad  by 

vm  -  <2> 

and  olT)  -  oqIToH')"'  I3) 

whara  oq  and  yq  ara  tha  colllalonal  croaa  aaction  and  broadaning  coafficiant  at  tha  rafaranca 
tamparatura  raapactlvaly.  and  n  and  m  ara  conatanta.  For  Ha  aa  a  colllaion  partnar  data 
followad  Eq.2,  both  for  HjO  and  HOO.  Excapt  for  tha  lowaat  tamparatura  maaauramanta 
(balow  160  K)  tha  tampa  atura  dapandanclat  of  tha  Hs,  02*  and  N2  praaaura  broadaning 
paramatara  for  tha  rotational  llnaa  of  H2O  and  HOO  hava  baan  ahown  to  ba  rapraaantad  by 
Eqa.  2  and  3.  Howavar.  low  tamparatura  maaaw  imanta  ahow  algttlf leant  deviation  from 
atralght  line  (Fig.  D.  It  would  ba  Intaraating  to  aaa  if  almllar  trend  axiat  for  SOo  ayatama. 
Figure  2  ahowa  If  there  ia  any  trend  that  might  axiat  batwaan  meaaurad  broadaning 
coafficiant,  yOOO  K)  and  tha  rotational  quamum  numbara,  J  for  tha  rotational  llnaa  of  S02> 
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Smith  Purcell  Radiation  in  the  Relativistic  Limit 

John  E.  Walsh 

Department  of  Physics  &  Astronomy,  Dartmouth  College 
6127  Wilder  Laboratory.  Hanover.  N.H.  03755-3528 


ABSTRACT 

The  basic  scaling  relations  governing  the  production  of  Smiih-Purcell  radiation  in  the  relativistic  limit  are  introduced. 


Observation  of  visible  radiation  produced  by  an  electron  beam  moving  at  grazing  incidence  over  a  difhaction  grating, 
was  reported  by  Smith  and  Purcell  in  1953.  The  radiation  was  generated  by  the  surface  current  "wake"  induced  on  the  grating 
by  the  beam  electrons.  Expressed  as  a  wavenumber  v(cm'').  the  frequency  of  the  emission,  the  observation  angle  6,  the 
relative  velocity  of  an  electron  p,  and  the  wavenumber  of  the  grating  Vg  (Vg  >  1^,  (  « the  grating  period)  ate  related  by; 


V 


_eii_ 

i.p  cos  e 


(1) 


Equation  (1)  follows  from  a  simple  Huygens  construction.  The  energy  of  the  electron  beam  used  by  Smith  and  Purcell 
in  the  first  experiments  was  approximately  ix  kV  and  in  subsequent  invesugations  by  others,  beams  of  still  lower  energy 
were  employed.  The  process  is  also  interesting  in  the  relativistic  regime  and  some  general  expectations  and  results  of  recent 
experiments  will  be  summarized  herein. 


It  is  clear  from  Eq.  (1)  that  v  will  be  large  when  either  Vg  is  made  large  (small  period)  or  alternatively,  when  cos  6  p 
and  T  becomes  targe.  In  the  latter  case,  near  this  limiting  angle. 


V  ~  PY^Vg  cm'* 

The  wavenumber  spectrum  is  also  compressed  in  this  limit,  i.e. 


(2) 


-  -1  d  V  P  Vy 

d(cos6)  (l-PcosS) 


(3a) 


-  P  Vg  .  (3b) 

Thus,  if  the  source  dimensions  are  small  it  might  be  expected  that  the  brightness  of  the  radiation  could  increase  as  well. 

In  order  to  explore  the  relativistic  limit,  Eloucas  [2J  et  at,  carried  out  a  series  of  experiments  using  a  3.6  MeV  beam 
produced  by  a  Van  do  Graaff  accelerator.  The  grating  periods  were  in  the  0.5  •  1  mm  range  and  at  relatively  high  emission 
angles  (6  ■  90  ±  30**)  radiation  in  the  far-infrared  (FIR)  spectral  range  (350  pm  •  2  mm)  was  detected.  At  the  longer- 
wavelongth  end  of  this  range  the  intensities  were  as  much  as  40  times  higher  than  a  black  body  and  comparable  to  the 
Intensity  available  from  an  IR  beam  line  on  a  synchrotron.  It  follows  that  grating-coupled  radiation  souicea  may  have  many 
practical  applications. 

Rerli/ation  of  the  potential  implied  by  Eqs.  (3)  will  require  a  special  set  of  circumstances.  The  field  above  a  grating 
consists  of  a  radiative  componetu  and  a  set  of  non-radlative  space  harmonics  which  are  hound  to  the  grating.  Resonant 
couplinrr  occurs  with  space  harmonics  whose  phase  velocity  i.s  close  to  the  velocity  of  the  electron  b^m  and  hence  the 
strength  of  the  emission  will,  among  other  factors,  depend  on  a  factor  of  the  general  forni 
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4ll  V  1) 

fco^v,  b.Y)  - 


(4) 


where  b  is  an  efTcctive  impact  parameter.  The  impact  parameter  is  approximately  equal  to  one  half  of  the  beam  thickness  in 
the  direction  normal  to  the  grating.  In  the  experiments  discussed  in  Reference  2,  b  ~  1  -  2  mm  and  y  was  approximately  7, 
implying  »  0.1  - 1. 

Equation  (4)  has  interesting  consequences  in  the  small  angle  limit  where  Bq.  (3b)  is  applicable.  Re-expressing  the  factor 
in  the  exponential  with  the  aid  of  Eq.  (1), 


4n  V 

PY  "  Y(1  *  P  cos  0) 


(5a) 


-  2  n  Vj  b  Y  (5b) 

It  it  clear  that  in  order  to  realize  the  potential  increase  in  brightness  at  shallow  angles  of  emission  the  scaling  consuvint 


4ji  Vj  b  -  1  /  Y 

must  be  observed. 

The  coupling  factor  expressed  in  terms  of  the  emission  angle  is: 

sln^  9 


fc(®'Y.b)  -  — ~  ~  V 
®  (1  -  P  cos  0)^ 

r  _  4«b/t  1 

L  ‘  Y(1  •  P  cos  0)J 


X  exp 


which  peaks  when 


(6) 


(7) 


K  Vjb  -  1/Y  .  (8) 

The  wavelength  in  this  limit  scales  as; 

~  71  b  /  Y  .  (9) 

a  result  which  comes  from  the  size  of  the  electron's  "fool-print"  on  the  grating  surface. 

Details  of  the  theory  and  a  report  on  experiment  in  progress  will  bo  presented  at  the  meeting. 
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Th«  »n«lytU  of  «Iect(omagn«t!c  wave  ampliftcatioa  In  qnaai-optlcal  wavaguida  with  alactron  baam 

(SBLECTRON) 

N.L.  Romaahin,  A.I.Klaav*,  V.A.  Solntiav** 

Initittttc  of  Radioanginaating  and  Elacttoniea 
Ruuian  Acadamy  of  Sciancea, 

Ma»  av.  18|  Moacow,  103907,  Ruaaia 

*  PX.Kapltia  Inatitttta  foa  Phyaieal  Ptoblaua 
Ruadan  Acadamy  of  Scianoaa 
ul.  Koayglna  2,  Moacow,  117334,  Rniaia 

B.  Vuiovaky  3/12,  Moacow,  109028,  Ruaaia. 


Tha  ptoblam  of  daalgnini  an  ampliflar  of  powarfbl  alacttomagnatic  radiation  in  mUUmatar  and  lubmtl- 
Umatar  wavalangth  band  ia  ena  of  tha  moat  important  problam  today.  To  aolva  thia  problam  eonaidarabla 
affotta  ara  baing  mada  in  davaloping  gyio-raaonant  TWT*a  aa  wall  aa  O-typa  alaction>wava  ayatama  with 
ralativlatle  baama  and  ovataltad  alaettodynamic  atructuraa.  In  taallabg  aueh  davicaa  a  numbat  of  dlfficultiaa 
occur.  For  gyr^iaaonant  TWT  it  ia  a  nacaaaity  to  aat  up  mota  and  mota  powatfbl  magnatle  fialda  while 
moving  into  tha  ahort-wava  band.  For  ralatlviatic  alaetron-wava  ayatama  it  ia  a  atrong  dapandanca  of  tha 
output  radiation  atructuia  on  tha  alactron  baam  paramatara  and  la  coniaquanca  thia  dapandanca  ia  unatabla. 


In  tafh.*'*  aa  alactron-wava  ayitam  (Fig.  1)  whara  tha  intaraction  of  an  alactron  baam  with  tha  open 
quaai-optical  wavaguidlng  Una  taka  place  haa  bean  auggaatad.  It  waa  auppoaad  to  raaUaa  In  thia  ayatam 
auch  regime  of  Intaraction  with  an  electron  baam  which  la  charactarliad  by  the  high  atabUity  of  the  output 
radiation  attributed  to  good  aalectiva  propartlaa  of  tha  open  quaai>optlcal  Una.  Tha  raaulta  obtained  in 
papara*'*  ahow  the  poaaiblUty  of  getting  good  ampUJlcation  paramatara  and  Unaar  ampUflcatlon  within  (he 
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icop«  pf  th«  Uneu  thaory  Mtuming  th«  ttuiiveist  fltid  •iiuctura  to  ba  fixed  (like  In  the  eigenmode  of 
the  quMl-opticel  line). 

This  paper  pieeenta  a  theoretical  analyaia  of  the  auggeated  lyitam  taking  into  account  the  influence 
of  both  the  energy  exchange  with  an  electron  beam  and  the  diffraction  effecta  being  characteriitic  of 
quaai-optical  line  on  the  traniverae  and  longitudinal  atructurea  of  the  field. 

1\9  deacribe  the  field  in  thia  lyatem  the  excitation  theory  haa  been  uaed  for  waveguide  aectloni  in 
combination  with  the  method  baaed  on  aolution  of  parabolic  equation  uaed  to  deacribe  the  field  between 
the  waveguide  aectiona.  Thua,  a  aelfconaiatent  problem  haa  been  aolved,  where  a  highfrequency  current  in 
the  electron  beam  waa  calculated  by  aolving  a  differential  equation  of  the  aecond  order  for  current. 


1 


0 


t  1  1  6  M  10 


Fig.  2 


Fig.  3 


The  reaulta  of  the  numerical  almulation  of  thia  ayatem  haa  made  It  poialble  to  detect  a  number  of 
apectfic  faaturea  of  the  interaction.  Namely,  under  certain  eonditlona  the  tranaverie  field  itrueture  in  thia 
ayatem  la  almilar  to  the  atiucture  of  one  of  the  eigenmodea  of  the  quaai>optleal  line.  In  Pig.  2  the 
dependence  of  the  iranavetae  notmaliaed  field  on  the  radlua  in  the  ayatem  la  ahown  by  the  aolid  line  and 
that  one  in  the  quul-optlcal  line  la  ahown  by  the  daahed  line.  In  Fig.  3  the  dependence  of  the  gain 
eoefficient  on  the  number  of  perioda  taking  into  account  the  unfixed  tranaverae  field  atrueture  la  ahown  by 
the  aolid  line  and  that  one  aaauming  the  tranaverae  field  atrueture  to  be  fixed  in  the  eigenmode  ia  ahown 
by  the  daahed  line. 

The  following  gain  parametera  G  ■■  30  dB  for  the  length  300  mm  have  been  obtained  for  an  electron 
beam  with  voltage  25  kV,  current  /  ■•  4A  at  the  wavelength  A  ■  3  mm. 

Thua,  the  reaulta  of  the  theoretical  analyaia  of  the  amplification  allow  one  to  conaidet  the  auggeated 
electron-wave  ayatem  to  be  a  promialng  amplifier  of  electromagnetic  oacUlationa  In  millimeter  and  aubinil- 
limater  wavelength  band,  called  aelactron. 


1. N.L.Romaahb,  A.l.Kleev  and  V.A.Solntaev,  "Powerftil  mlUimeter-wave  amplifler  with  quaai-optical  attuc- 
ture”,  In  Seventeenth  /ntemattonoi  Coq/erence  on  Infrar«d  and  MilHmttar  Wavti,  Richard  J.Temkin, 
Editor,  Proe.  SPIB,  Vol.  1929,  pp.  328-329,  1992. 

2, N.L.Romaahln,  A.l.Kleev  and  V.A.Solntaev,  "Amplification  analyaia  in  the  waveguide  quaai-optical  line 
with  the  electron  beam",  RadioUkkniha  i  e/ectroniho.,  Vol.  37,  pp.  2023-2032,  1992  (In  Rueaian). 
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The  influence  of  e-beam  phase  space  on  FEL  performance 

Zili  Weng  and  Yijin  Shi 
Institute  of  Atomic  Energy 
P.O.Box  275(18)  102413 
Beijing,  China 

Abstract!  A  code  of  j-D  FEL  amplifier  with  tingle  mode  was  developed  on  a  PC-386,  Using  this  code,  the 
simulation  results  are:  l.emittance  causes  the  exponential  reduetiun  of  output  power.  2.the  geometry  of  electron 
phase  space  hat  Important  influence  on  output  power,  3.nonidoal  incidence  of  o-beam  beyond  tome  region 
causes  the  exponential  reduction  of  output  power. 

Introduction 

A  3-0  simulation  code  for  FEL  it  independently  developed  with  the  tame  physical  frame  as  FBLBX 
code  of  Lot  AIamot[l].  This  code  not  only  takes  lest  amount  of  calculation  but  also  runt  in  a  PC-386. 

At  a  first  example  of  calculation,  we  calculated  a  FBL  amplifier  with  5m  long  wiggler[2].  The  set  of 
parameters  aroieicctron  relativistic  factor  v"  100,  energy  spread  1%,  normalised  emittance(90%) 

CN-0.14cm-rad,  current  l‘"2000A,  the  length  of  wigglor  L^^-Sm,  length  of  wigglor  period  2^,"2.73om 
and  intensity  B^<»  30000,  wavelength  of  later  A,*  10,6fim,  input  power  P|q»  10*w,  radius  of  optical  beam 
waist  Wo“  0,35cm. 

1.  Comparlon  with  FRED  rwulta|2|| 

With  input  power  lOV  and  waist  rediut  of  e-beam  r,^  0.3cm,  wo  got  almost  the  same  result  at  FRED 
shown  in  Fig.l  which  it  two-dimensional  code  with  axial  symmetry  developed  by  LLNL.  In  Fig.  I  the  solid 
curve  it  the  results  of  ours  and  dot-dash  one  it  FRBD^t.  Since  the  matched  rediut  of  e-beam  with 
G)g »  O.Mcm-rad  should  bo  0.444cm,  heroafter  wo  take  r,">  0.444cm  unless  otherwise  mentioned. 

2. Th«  Influence  of  emittance  of  e-beam  on  output  power 

The  Fig. 2  shows  the  output  power  decline  exponentially  with  incroation  of  omittance.  (Here  Ti  is 
taken  at  matched  rediut  with  corresponding  emittance) 

3.  The  influence  of  geometry  of  e-beam  phase  ellipsoid 

3.1  The  value  of  waist  rediut,  r, 

Wo  take  r,«  0.3,0.444,0.33cm  and  lot  the  waist  of  c-bcum  locating  at  the  entrance  of  the  wigglor  with 
CN“0.14cm-rad,  the  results  arc  shown  in  Fig.3  at  a  function  of  initial  energy  Vn-  Obviously,  unmatched 
value  of0.3cm  mount  bud  condition  of  performance. 

3.2  The  location  of  waist,  L, 

In  the  fig, 4  the  output  power  it  a  function  of  location  of  waist.  Since  r^^  0.444cm  it  a  matched  value, 
the  rediut  of  e-beam  envelop  keeps  nearly  a  constant  along  with  whole  wiggle,  the  location  of  waist  is  a 
nogllglblo  factor  on  purformanco.  But  it  It  not  the  cate  for  r,o  0.3cm,  as  shown  in  Fig. 4,  the  highest  output 
power  of  3,3  x  10*w  It  obtained  when  the  waist  is  nearly  located  on  the  middle  of  wiggler. 

4.  Nondeal  Injection  of  s-beam 

4.1  deviated 

Wo  lot  the  o-beam  purullel  to  the  wiggler  axis  but  with  a  ditplacomant  dx(dy)  from  It  at  the  entrance. 
The  output  power  it  o.xponentiully  reduced  when  dx(dy)  /  r,  it  beyond  0.2  us  shown  In  Fig.3. 

4.2  Oblique 

In  Fig. 6,  the  results  arc  shown  in  the  cates  that  the  center  of  o-boam  obliquely  hits  against  the  axis  of 
wiggle  at  entrance  with  off-axis  angle  d^,(d/J,)  where  ^om“  ^ 
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In  terms  of'  the  results  shown  in  Fig.2~6,  we  may  say  that  the  initial  condition  of  injected  c-beam 
phase  space  has  important  influence  on  performance  of  FBL  amplifier  in  the  example.  We  should  point  out 
that  the  wigglcr  here  is  not  long  enough  so  that  the  saturated  power  is  not  reached  as  shown  in  Fig.l.  If 
saturation  is  reached,  the  part  of  conclusion  will  be  changed.  Spccilly  in  oscillator  configuration,  a  some¬ 
what  different  conclusion  was  drawnpj. 


Reference 

1.  B.D.McWEY  Nucl.  Instr.  and  Moth.  A250(1986)449 

2.  E.T.Scharleman  J.Appl.Phyi.  58(1985)2154 

3.  Zili  Wtng  and  Yljin  Shi  to  bo  published  in  the  15th  International  FEL  Confcrcncc(1993) 
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Nonlineu  tkeory  of  two-stteam  anperhotatodyno  free  electron  laaeis 
V.V.Knliak,  S.A.KiiietkoT,  A.V. Lysenko 

Sumy  Phyaical-Tecknol.  Institute 
2  Rymski* Korsakov  St., Sumy,  244007,  Ukraine 

ABSTRACT 

A  nonlinear  self-consistent  tkeory  of  two-stteam  electron-wave  PEL  kas  been  created.  Tke  metk- 
ods  of  averaged  Idaetic  equation  and  slowly  varying  amplitndes  was  used.  A  system  of  nonlineu 
equation  for  amplitudes  waves  and  values  of  generating  electric  and  magnetic  fields  kas  been  obtained. 
The  analyses  of  isochronic  and  non  isockronic  model  kas  been  carried  out. 

Nonlinear  dynamics  of  processes  taking  place  in  two-stream  electron-wave  superheterodyne  free- 
electron  lasers  (TEWSFEL)  [1]  is  considered  in  the  paper.  Problem  statement,  method  of  investigation 
and  system  of  nonlinear  shortened  equations  for  complex  wave  amplitudes  (H-ubitron  model)  described 
in  paper  [2]  are  used  here,  Transient  processes  have  been  disregarded  (the  model  was  assumed  to  be 
stationary).  Some  of  the  obtained  results  are  illustrated  by  curves  in  Figs  1-3.  Here  Up  is  plasma 

frequency  of  partial  single-speed  beam;  ui  is 
signtl  wave  ireqaency;  Hoi  and  A  are  the  period 
'0^  of  the  magnetic  pumping  field,  respectively;  Eoi 
and  Eo3  are  tke  initial  intenoitiee  of  tke  electric 
fields  of  the  signal  and  the  space  charge  (SCW), 
respectively;  L  is  tke  length  of  the  system; 
7o  i*  near  (for  two  partial  beams)  relativistic 
30.  factor;  K,  is  signal  amplification  factor;  q  is 
interaction  efficiency;  T  s:  r/X,  r  is  longitudinal 
coordinate.  Curve  1  in  Fig.  1  represents  relation- 
ship  Kt{T)  found  disregarding  the  effect  of  non¬ 
linear  generation  of  longitudinal  electric  field 
(ENQLEF)  [2].  As  one  can  see,  a  saturation  of 
amplification  (at  tke  chosen  numerical  para- 
meter)  is  attained  at  T  rs  T,^f  ~  0.65  at  tke  level 
®  ®  Tjat  T  '  ^  =  Ktti  a  2200.  In  region  T  >  T,*i,  like 

in  tke  case  of  parametric  FEL  [2],  charac- 
Fig.  1  teristic  oscillation  of  the  curve  are  observed 

u)f  =0.8<  u]  =  1,6  •  10^’s~^,  A  =:  2mm,  which  are  connected  with  tke  capture  of  elec- 

I  ^02  1=  200  Gs,  I  Eoi  I—  lOOV/m,  |  Eos  Wfm,  trons  to  buckets.  However,  we  have  in  the 
L  =  6m,  7o  =  3.04.  present  model  also  substantial  peculiarities. 

They  are  three.  First,  the  amplitude  of  osciUations  turns  out  to  be  relatively  small  when  compared  with 
tke  value  of  K,^t .  Second,  the  period  of  oscillations  turns  out  to  be  varying  with  T,  The  both  mentioned 
peculiarities  can  be  explained  by  tke  fact  of  the  strong  growth  of  amplitude  of  SCW  in  region 
T<n,i  and  are  caused  by  the  further  development  here  of  the  mechanism  of  two-stream  instability 
(see  Fig.  2,  curve  1,  where  Es  is  SCW  amplitude).  And  we  shall  extra  point  out  the  noncoincidence 
which  takes  place  of  the  wavelengths  of  saturation  of  the  amplification  of  electromagnetic  signal  wave 
(T)  and  space-charge  wave  (Tj^^i)  which  are  associated  with  the  specific  character  of  mechanisms  of  the 
parametric  and  the  two-stream  instabilities,  respectively.  The  performed  calculation  of  tke  gain  factor 
for  the  equivalent  model  of  parametric  FEL  (i.e.,  of  the  model,  where  two-speed  beam  is  replaced  by  the 
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Fis.  a  Fig.  3 

(Sm  d&ta  of  Fig.  1).  (Sm  data  of  Fig.  1). 

•ingl«>sp««id  om)  gives  the  valve  K,4t  ~  1.034.  This  ia  mvoh  lew  than  2.2 ‘lO*  which  we  have  aocoiding 
to  Fig.  1  in  tingle  etieam  model.  The  thiid  o(  the  mentioned  pecnliaritiea  conaiata  in  the  chaiactei  and 
intenaity  of  the  effect  of  ENOLEF  on  the  mechaniam  of  anperheteiodyne  ampliflcation  being  atndied. 
Aa  we  can  tee  bom  Fig.  1  (entve  2),  the  account  of  thia  effect  leeulta  in  the  decteue  of  K$0i  almost 
by  a  half  and  in  the  anppreaaion  of  oecUlationa  of  eleettone  in  buckets.  A  conclusion  ia  drawn  here 
from  that  ia  two-atNsm  FEL  the  cole  of  ENQLEF  ia  much  mote  noticeable  than  ia  siagle>sttoam  ones. 
Qualitatively  timilar  peculiarities  take  place  alto  for  the  xelatlona  of  the  interaction  elHdeacy  ri(T) 
(cuivea  3  and  4  ia  Fig.l ,  respectively). 

The  conducted  analysis  has  shown  the  poaaiblllty  of  realisation  in  two-atieam  FBL  of  the  effect 
of  a  teif-cooxdinaied  change  of  the  intexaction  xegime.  Aa  we  can  tee  from  Fig.  2  (cuxve  2),  the  valuee 
of  the  function  of  xegime  j  n. 

o(T)=|^|/|r^|,  (1) 

where  T  is  low-eignai  two-atxeam  inclement  of  ampliflcation,  vaty  tubstantially  in  the  process  of  inter- 
action  (F  1  coxrespondt  to  the  mixed  Compton- regime,  F  <  1  to  the  Raman  regime  [1]). 

Nonlineax  dynamics  (cntvel)of  the  effect  specifle  for  two-stxeam  FEL  of  the  iacxease  of  coefilcient 
Kt  (at  a  fixed  signal  frequency)  with  the  decreasing  pumping  period  A  [l]  is  illnttiated  in  Fig.  3.  (Let 
ut  lecall  ihat  the  opposite  situation  ia  typical  fox  the  majority  of  devices  with  prolonged  intexaction). 
Relation  'Yo(A)  is  alto  tabulated  here  which  is  xeriised  at  variation  of  period  A  (at  the  fixed  value  of 
frequency  ss  1.6' 10^’t~^).  Relations  Kt(T)  at  different  A  and  the  same  fixed  frequency  a>i  are  also 
pxetented. 

Thus,  the  performed  nonlineax  analysie  has  enabled  the  main  concluiion  of  the  low-signal  theory 
of  FEL  [1]  to  coafixmed:  two-stxeam  FEL  can  pxovide  lecoid-bxeaking  levels  of  amplification  in 
theix  clus  of  devices. 
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Entropylike  4uantiiy  ot  the  equilibrium  elactroiu 
In  a  collective  Iree-eleciron  later 

Shi-Chanu  ZJumg,  ^g- Xiang  Liu,  and  Yong  Xu 

SouUiwesl  JiacUtng  Vniverailg,  Deparltnent  of  Applied  PItgsica, 

Chmgdu,  Sioliuan  610031  >  China 

ADSTRACT 

Numerical  computations  of  the  entropyllke  quantity  are  given  to  the  equilibrium  electrons  in  a  collective  free- 
electron  laser.  Results  show  that  a  reversed  guide  field  may  present  better  beam  quality  than  a  positive  guide  field. 
The  conclusions  from  the  comparison  of  the  entropylike  quantities  principally  coincide  with  the  experimental 
phenomena  obeerved  by  the  MIT  researchers. 


1.  INTRODUCTION 

Recently)  a  significant  phenomenon  was  reported  by  the  MIT  researchers  that  the  efffioiency  of  a  collective 
free-electron  laser  was  raised  from  2%  upto  27^  by  a  reversed  guide  field  Instead  of  the  positive  guide  fleld<^‘^  In 
our  opinion)  the  efficiency  enhancement  may  result  from  two  parts i  the  Improved  quality  of  the  electron  beam  and 
an  unknown  Interaction  mechanism  between  the  beam  and  radiation  wave.  In  this  paper  we  examine  the  first  part 
by  analysing  the  entropylike  quantlty'^^ 


2.  COMPUTATION  OP  THE  ENTROPYLIKB  QUANTITIir 


The  quality  of  the  equilibrium  electron  beam  may  be  displayed  by  the  divergence  of  the  phase  orbits  associated 
with  the  so-called  entropyllke  quantity^”  t 

N 

kN(t,X)d,)«“^  j^ln -j^)  (1) 

where  x  and  N  are  respectively  the  normalized  iteration  step  and  the  iteration  number)  x  denotes  the  pliase-point 
position)  |di|  Is  the  Euclidean  norm  of  the  N-th  step)  and  |d«|  is  the  initial  value  of  |di|.  (Detailed  description  of 
the  numerical  computation  can  be  found  in  Ref.  2.  )  In  our  caloulatlona  the  3— D  wlggler  field)  guide  field  and  the 
do  Klf-fleld  of  the  beam  are  taken  into  account.  The  parameters  of  the  MIT  experiments'^'^  are  used  <  1.  e.  )  the 
relativistic  energy  factor  4677 .  beam  radius  Rb**0.  25cm)  and  wlggler  wavelenght  IScir..  We  choose 

|d.|-2.7X10-»and  t-2X10-<. 

Numerical  computations  are  given  to  four  classes  of  experiments)  (1)  Group  I|  guide  field  Be ■"  +  40600) 
wlggler  field  B.»630O)  and  beam  current  r)i>"90At(2)  Oroupl  t  Bo>"  +  100000)Bwm6300)  and  U*"300A| 
(3)  Antiresonance  1  Bo**  — 76000.  Bw—14700,  and  I|,™300A|  (4)Reversed  field.  Bo™  —  109000)  Bw™ 
14700)  and  Ib™300A.  The  resulu  are  shown  In  Fig.  1. 


0  1X10*  2X10* 

ITERATION  NUMBER  N 


0  1X10*  2X1C* 

ITERATION  NUMBER  N 


(a) 


(b) 
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Pig.  1  EtitropylUte  quantity  of  the  equilibrium  electrons  for  (a)  Qroup  I  i  Bo"*4-40600>Bw'«6300,U 
■■90A»(t>)  Group!  iBo>^  109000, Bw"" 630g(l»  — 300A| (c)  Antlresonance.Bc"" —  78000, Bw-«  14700, Ib— 
300A,(d)  Reversed  field,  Bo--10900a,B«-14700,Ib-300A. 


3.  COMPARISON  WITH  EXPERIMENTS 

Nfow  we  table  the  entropyliko  quantities  and  the  related  output  charactert  of  the  experiments'll^  as  follows , 


Experiment 

Group  I 

Oroup  1 

Antiresonance 

Reversed  Field 

Power  (MW  > 

6.8 

4.2 

<1.0 

61 

Efficiency 

9 

2 

<2 

27 

Entropyllke  quantity 

0.  1163 

0.  1249 

0.  7297 

0.  0218 

Here  we  observe  that  the  better  output  corresponds  to  the  smaller  entropylike  quantity.  This  confirms  that  a 
proper  reversed  guide  field  improves  the  quality  of  e-  beam.  It  should  be  emphasized  that  the  qual'ty  ot  the 
ttnUrtmmmw  In  a  reversed  guide  field  is  spoiled  ,  but  stilt  better  than  the  one  at  resonance  In  a  positive  guide  field. 
Conchuions  in  the  present  paper  coincide  with  the  ones  obtained  from  Poincare  surface-of-section  mape'^'^ 
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Cherenkov  radiation  from  a  Rnite  emission  length 

Mikihiko  ikezawa 
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ABSTRACT 

^Ms  have  observed  Cherenkov  radiation  from  gasses  In  ihe  millimeter  wave  and  visible  regions,  which  was  emitted 
by  electron  beams  from  inear  accelerators.  The  radiation  is  observed  only  when  a  path  length  of  the  electrons,  or  the 
emission  length,  is  longer  than  the  formation  zone, 

1.  INTRODUCTION 

Using  electron  beams  from  the  linear  accelerator,  we  have  been  studying  coherent  synchrotron  radiation  and 
coherent  transition  radiation  in  the  far-infrared  and  millimeter  wave  regions.*"^  When  the  wavelength  is  longer  than  the 
length  of  the  bunch  of  the  electrons,  the  Intensity  of  the  radiation  Is  enormously  enhanced  by  the  coherent  etTect  and 
excellent  sources  of  IR  and  MM  waves  are  obtained, 

Cherenkov  radiation  should  also  be  enhanced  by  the  coherent  effect.  In  the  lung  wavelength  region,  however,  the 
process  of  Cherenkov  radiation  has  been  studied  little.  Especially  the  radiation  from  a  finite  path  length  has  not  been 
investigated  wet!  and  the  definition  of  Cherenkov  radiation  Itself  seems  to  be  ambiguous, 

In  the  free  space.  Cherenkov  radiation  is  emitted  when  the  threshold  conditions  for  the  refractive  index  n  is  fulfilled! 

(1) 

whete  pmv/c  and  v  Is  the  velocity  of  the  electron. 

Usually  the  path  of  the  electron  is  limited  by  some  kind  of  boundaries  such  os  an  exit  window  of  the  accelerator  or 
a  mirror  for  the  observation  of  tiio  radiation.  Therefore,  the  path  length  of  the  electron  is  finite  and  the  condition  (1)  Is  not 
sufficient  as  a  criterion  for  the  observation  of  Cherenkov  radiation.  Moreover,  we  usually  observe  transition  radiation  fmm 
the  boundaties  together  with  Cherenkov  radiation. 

from  the  analogy  of  transition  radiation,^**^  the  path  length,  or  emission  length,  i  of  the  electron  should  fulfill 
the  following  condition,  as  a  criterion  for  the  observation  of  Cherenkov  radiation  at  a  wavelength  k 

Z,  >  ^  -  A ,'  ( fl  ■  1  /  ^ ),  (2) 

where  Z  is  the  formation  zone  length. 

The  main  purpose  of  the  present  experiment  is  to  confirm  the  additional  condition  (2).  In  our  experiment,  we  have 
carefully  ennsidered  the  contribution  of  transition  radiation.  Our  experiments  have  been  made  by  linacs  of  the  Laboratory  of 
Nuclear  Science,  Ibhoku  University  and  of  the  Research  Reactor  Institute,  Kyoto  University.  This  paper  is  a  review  of  our 
recent  results. 


2.  EXPERIMENTAL  PROCEDURES 

lb  generate  Cherenkov  r.'t-.tiation,  the  electron  beam  was  passed  thmugh  He  or  N2  gas  in  a  chamber  us  shown  In 
Fig.  1.  The  refractive  index  of  the  gas  was  changed  by  changing  its  pressure.  Radiation  was  rcilcctcd  by  a  mirror  to  a 
system  of  grating  spectrometer.  The  emission  length 
of  the  electron  Is  limited  by  an  Al  foil  and  the 

mirror.  The  energy  of  the  electron  from  the  linacs  Aifoil  mirror 

was  150  MeV  or  40  MeV 


LINAC 


L 


■'1 


He  or  Nj  gas 


■>  -  r 
“  -1  j  r 

SPUniKJMtiTKIt 


Fig.  1  Radiation  chamber. 
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PRESSURE  (mmHg)  PRESSURE  (nniHg) 


Fig.  2  Radiution  from  Ho  gas  by  ISO  MeV  electron.  Pig.  3  Radiation  from  N:  gas  by  40  MeV  electron. 

3.  RESULTS  AND  DISCUSSION 

Cherenkov  radiation  from  the  emission  length  L  of  165  mm  was  observed  al  wavelengths  of  500  nm  in  the 
visible  region  and  at  4  mm  In  the  millimeter  wave  region.  The  intensity  of  the  radiation  changed  when  the  pressure  of  the 
gas  in  the  chamber  was  varied. 

The  results  observed  at  Ibhoku  University  is  shown  in  Pig.  3.  The  energy  of  the  electron  was  150  MeV  and  He 
gas  was  filled  In  the  uhambet  The  threshold  pressure  of  Cherenkov  radiution  In  the  free  space  is  126  mmHg.  Below  the 
threshold  the  transition  radiation  was  observed,  The  lengths  of  the  formation  zone  at  500  nm  and  at  4  mm  are  17  mm  and 
140  m,  respectively.  We  cun  see  from  Fig.  3  that  in  the  visible  region,  where  the  emission  length  1.  is  longer  than  the 
formation  zone,  the  intensity  of  Cherenkov  radiation  increased  drastically  above  the  threshold  pressure  of  the  gas.  On  the 
other  hand,  in  the  millimeter  wave  region  at  4  mm,  where  L  is  much  less  than  /,  the  observed  Intensity  remained  almost 
constant  of  the  pressure  and  Cherenkov  radiation  was  not  observed.  Those  results  are  consistent  with  the  criterion  (2). 

Similar  results  wore  obtained  using  the  linac  at  Kyoto  University.  The  energy  of  the  electron  was  40  MeV  and 
nitrogen  gas  was  filled  in  the  chamber  The  threshold  pressure  was  208  mmHg,  and  the  formation  zone  at  500  nm  and  4 
mm  were  2  mm  and  19  m,  respectively.  The  observed  results  are  shown  in  Fig.  4  and  they  arc  also  consistent  with  the 
criterion  (2). 

Rewriting  (2),  wc  conclude  that  a  criterion  fur  Cherenkov  radiation  from  a  finite  omission  length  which  Is 
significant  particularly  in  the  lung  wavelength  region,  is 

()(n-\/L)>L  (.3) 

Finally,  I  would  like  to  emphasize  that  the  results  reviewed  in  this  paper  were  obtained  by  many  collaborators  who 
arc  the  coauthors  of  refs.  1-4. 
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from  an  intense  electron  bunch  for  beam  diagnostics 
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Abstract 

The  measurement  conducted  In  order  to  develop  a  precise  beam  diagnostics  based  on  for-infrorcd  (FIR) 
transition  radiation  is  described,  Coherent  transition  radiation  produced  by  a  higli  current  single  bunch  of  L- 
band  electron  linac  at  Osaka  University  is  observed  while  the  bunch  width  is  tuned.  Performance  of  the  beam 
diagnostics  using  the  spectrometry  of  FIR  radiation  from  the  single  bunch  is  studied. 

Imrodiiciion 

Transition  radiation  (TR)  is  produced  whenever  a  high  energy  electron  cro!>sos  the  boundary  between  two 
media  with  different  dielectric  constants.  The  spectrum  of  TR  can  range  from  microwaves  to  X-rays,  depending  on  the 
energy  of  the  producing  electron,  although  intensity  of  the  longer  wavelength  Is  very  weak.  On  the  other  hand.  111  I'rom 
a  bunch  of  relativistic  electrons  is  emitted  coherently  at  wavelengths  that  are  comparable  to  the  bunch  length  which  is  a 
few  mm  In  case  of  a  typical  electron  linac.  The  intensity  of  the  coherent  radiation  is  proportional  to  N  *  where  N  is  the 
number  of  electrons  In  the  bunch.  And  tlie  spectrum  depends  on  the  distribution  of  electrons  In  a  bunch ' . 

In  the  pervious  study^  the  bunch  width  analyzed  from  the  experimental  spectral  distribution  well  agreed  with  a 
theoretically  expected  value.  To  confirm  the  quantitative  relationship  linking  the  spectra  and  the  bunch  shopo,  u  control 
system  of  the  bunch  length  is  adopted. 


Expfirimcntfll  Mangamfint 

An  expcrimonlal  arrangement  for  the  mca.surements  of  boom  dynamics  and  TR  is  shown  in  flg.l 


e 


Fig.l.  Layout  of  the  beam  transport  system.  (A,B,C;  beam  exit  port;  Minilrror;  CM;  chopping  mirror ) 
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The  electron  beam  accelerated  with  an  ordinary  electron  linac  Is  composed  of  a  train  of  electron  pulses  which 
are  bunched  to  the  crest  of  a  microwave  field  and  each  bunch  width  of  electrons  is  very  short  On  the  contrary,  for  the  L- 
band  linac  of  Osaka  University,  a  single  bunch  of  high  current  can  be  generated  by  means  of  additional  three  sub 
harmonic  prebuiichers  effectively  ^ ,  The  single  bunch  of  30ps  with  the  charge  up  to  6SnC  is  accelerated  to  maximum 
energy  of  38MeV  and  is  able  to  radiate  intense  coherent  millimeter  waves  * . 

The  width  of  a  high  current  single  bunch  beam  accelerated  by  the  linac  is  controlled  in  the  range  of 
20-90  ps  by  using  a  270  *  achromatic  magnet  and  a  beam  transport  system  which  consist  of  steering  coils  and  quadruple 
magnet  lens.  The  bunch  length  is  usually  measured  with  a  streak  camera  system  by  using  visible  Cerenkov  light 
generated  in  air  at  behind  exit  windows  (Band  C)  of  the  linac.  Simultaneously,  the  coherent  TR  produced  at  Ti  foil  of 
the  exit  window  is  measured  with  a  FIR  spectrometer. 

iSflm6.c2spcrimcDtaLresulis 

Typical  energy  spectrum  of  an  accelerated  single  bunch  beam  of  about  30nC  and  of  30ps  ( FWHM )  which  was 
measured  at  the  port  C  with  the  90”  analyaser  magnet  is  shown  in  fig, 2.  Its  energy  spread  Is  1.4%  of  FWHM  and  10%  of 
the  power  has  energy  spread  of  about  2MeV  on  both  sides  of  the  peak  energy  28  MeV.  The  beam  situation  was  selected 
considering  a  tunabllity  of  the  bunch  width,  that  is  bunching  or  debimchlng. 

The  two  results  shown  in  fig, 3(a)  and  (b)  are  chosm  to  illusuate  the  bunch  width  obtained  by  using  a  streak 
camera  and  to  show  several  aspects  of  the  charge  dlsU4bution  In  a  bunch.  The  bunched  pulse  and  debunched  one  width 
and  the  splitted  pattern  of  a  single  bunch  are  observed  in  some  cases. 

Under  the  several  bunching  situations,  spectra  of  the  coherent  FIR  radiation  are  analyzed  and  discussed  for  the 
significant  relation, 


15  25  35  (a)  (b) 

Energy  ( MeV  )  Time  ( ps ) 

Fig.  2.  Tipical  Energy  spectrum  of  the  single  bunch  .  Fig.3.  Sucak  patterns  of  the  single  bunch. 
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EXPERIMENTAL  INVESTIGATIONS  OF  AN  EXTERNAL  FEEDBACK 
SYSTEM  FOR  WAVELENGTH  SELECTION  OF  HIGH-POWER  MICROWAVE 
RADIATION  IN  A  FREE-ELECTRON  MASER  REGIME 


V.A.Bofiachenkov,  V.A.Papadichev,  I.V.Sinilschikova,  O.A. Smith 
P.N.  Lebedev  Physical  lostitute^  Lenistky  Prospect  53, 

1 17924  Moscov,  Russia 


Results  of  experiments  to  produce  high-pover  microvave  radiation  of  given  vavelength  by 
the  tuning  of  a  selective  external  feedback  system  are  presented.  Considered  also  are  tbs 
advantages  of  this  system  for  obtaining  a  narrover  spectnd  line  of  radiation  in  the  mHlimeter 
and  submillimetar  vavebands.  The  generator  has  a  helical  undulator  and  operates  in  a  free- 
electron  maser  regime  vith  an  electron  beam  energy  of  up  to  1  MeV  and  total  current  of  im 
tolkA. 


99 


M5.9 


Tk«  lucwtte  IMi  prolllte  ui  •-  1mm  tnuMporl  tai  tiM 
4ouUe  iMUi  naflwl^  polwlMi  wlnlcr 

Hu  Jlanpln»fang  Plncahait*  Hu  Kaaoitgt  Chaa  Yutao* 

Southwaat  Inatituta  of  Appllad  Blaotronioa 
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Abitrifttilii  tt$t  ilielroi  Uitr  witb  t  loagi  liaitr  wlfiliti 
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Dlgeat 

In  recent  yearaia  great  deal  of  attention  haa  been  focuaed  on  the  free  —  electron  laier  with  an 
electromagnetic  wiggler  (EM- PEL)  due  to  the  potential  of  shorter  wave  length  operation  than  the  free— 
electron  later  with  a  magnetoatatic  wiggler  with  electron  beama  of  relatively  modeat  energy.  In  1083  and 
1084  lY.  Carmel  et  al.  and  G.  G.  Deniaov  et  al.  observed  the  powerful  I'.idlation  at  millimeter  wavelengtha 
with  a  relttivlatlc  backward  wave  oacillator  (BWO)  at  3— cm  aa  the  electromagnetic  wiggler > respectively. 
In  1985iBratman  et  al.  reported  the  general  theory  on  atlmultted  emission  of  the  powerful  relativlstio 


electron  beam. 

Our  experiment  has  been  completed  to  Investigate  atimuitted  Raman  millimeter  — wave  scattering  In 
the  presence  of  a  constant  axial  guide— magnetic  field  with  a  high— current  relativistic  electron  beam.  The 
experimental  arrangement  is  shown  In  Fig.  1.  A  voltage  pulse  <70nst0.  OMeV)  is  applied  to  a  "cold**  field 
immersed  cathode.  An  annular  electron  beam  is  Injected  axially  into  the  evacuated  drift  tube  and  passes 
through  the  region  of  FEL  Interaction  •  the  electromagnetic  pump  source  and  then  is  captured  by  the 
collector. 

High  powerful  microwave  ia  first  generated  by  BWO  at  3— cm  in  the  region  of  EM  pump  source  •  then 
interaction  of  the  same  Intense  relatvlstlc  electron  beam  with  the  electromsgntic  wiggler  In  the  region  of 
FEL  interaction  stimulates  PEL  radiation  whicli  can  be  detected  by  a  detector  in  front  of  the  output 
window.  The  FEL  output  wavelength  for  an  electromagnetic  wiggler  with  a  frequency  wi  is  given  by 

«.  -  h  rV  cK{\  +  Cl  - 

where  K  equals  ^^<1+|^). 

Here»p^»" V,/C(V,  denotes  the  axial  electron  —  beam  velocity) i Y/ —  (1 —  pV  C  is  light  velocitytw^ 
represents  the  mode— dependent  cutoff  frequency  of  the  Interaction  waveguide » and  where 

is  the  phase  velocity  of  the  pump  wave.  The  starting  current  1  for  the  EM —FEL  is  governed  by 


...  1.7  X  10'<5AL>'y..,.. 

iQMm 

where  S  is  the  area  of  the  transverse  crou  —  section  of  the  interaction  region  iL  the  interaction  length  tL 
wavelength  of  the  pump  wave.Y  the  relativistic  factor. Q,  the  oscillation  quality  of  laser  cavity  and  P  the 
power  of  the  pump  wave. 
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The  basic  syatem  of  radiation  diagnoatic  ia  shown  in  Pig. 2.  In  thii  scheme « the  parameters  of  the  pump 
wave  drived  by  BWO  is  detected  by  3  —  cm  dispersive  waveguide  and  the  stimulated  3  —  mm  scattering 
radiation  ia  directly  demonstrated  by  a  3  —  mm  wave  detector.  The  output  signal  waveforms  of  the  EM  — 
PEL  are  shown  in  Fig.  3  and  Fig. 4. 

The  experimental  results  are  given  in  Table  1. 

Table  1  Experimental  results  of  the  EM— PEL  developed  in  UESTC 

designed  value  measured  value 

electron  beam  voltage  0. 6MV  0. 6MV 

electron  beam  current  >2KA  S'^SKA 

wavelength  of  the  pump  wave  3. 0cm  ~3. 0cm 

mode  of  the  pump  wave  TMn  TM«i 

power  of  the  pump  wave  >60MW  —  lOOMW 

scattered  wavelength  of  the  PEL  '^Smm  S^Smm 

radiation  power  of  the  PEL  >i0KW  (at  3mm— band) 

Very  recently! a  new  experimental  configuration  in  which  EM  — pump  source  is  separated  from  PEL 
interaction  region  ia  presented  for  optimum  choractera  of  the  EM  — pump  source  and  PEL  radiation.  The 
scheme  of  the  new  configuration  is  shown  in  Fig  5.  A  vaccum  diode  Is  divided  into  two  branches  in  order  to 
produce  double  relativistic  electron  beams  by  using  only  one  pulse  line  accelerator.  High  powerful  microwave 
of  pump  source  is  generated  by  one  electron  beam  excitation  the  backward  wave  oscillator  and  coupled  into 
PEL  interaction  region.  PEL  radiation  occurs  when  another  electron  beam  passes  the  region  of  PEL 
Interaction  and  interacts  with  electromagnetic  wtggler.  The  peramters  of  the  EM -pump  source  and  PEL 
radiation  can  be  adjusted  independently. 

Our  most  recent  electron  beams  transport  experiment  it  performing  In  this  new  configuration.  Total 
voltage  and  each  beam  current  of  branches  were  determined.  The  waveforms  are  shown  In  Pig.  6  and  Pig. 
7. 
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Pig.  1  Tht  baiiio  •xpcrimtnul  oonfigurstion  of  the  EM —PEL. 

1.  puiMlIne  Motimtor  2.  btilow  S.o«thod«  4.Miodt  S.  wav*  cut-off  rtglon  <S.  alow— wave 
atruotlon  for  BWO  7.  output  horn  8.  ralativlatio  alaotron  beam  8.  output  urindow  10.  eathoda 
ragion  magnatlo— field  11.  main  magnetic  flald  12.  vaocum  cover  13.  PEL  interaction  region 


Pig.  2  The  baalc  ayatam  of  radiation  diagnoatlo 

1.  output  window  2.  8  — cm  horn  3.  3  — mm  horn  4.  3  — cm  dlaperalve 

waveguide  C.  attenuator  6.  detector  7.  faat  oacilloacope 


TINE  <200ni/dlv)  TINE  (lOOna/dlvi 


Pig.  3  Waveform  of  the  pump  wave  out  of  BWO  Fig.  4  3-mm  PEL  atlmulated  leatterlng  algnal 
Eleertron  beam  voltage  la  0.  6  MV  end  axial  guide  magnetic  — field  lOKGS 
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Pig.  5  The  ichtmt  of  the  new  experimentel  configuration. 

1.  accelerator  2.  cathode  S.  anode  4.  BWO  B.  Wave  termination  of  DWO  B.  rectangular 
waveguide  7.  PEL  Interaction  region  with  Bragg  reflection  reaonation  8.  magnetic  field  coll  9. 
millimeter  output  horn. 


TINE  (BOns/divI 


Pig.  6  Waveform  of  the  electron  beam  voltage 


No.  1  (80ni/dlv>  No.  2 


Pig*  7  Waveforma  of  euch  beam  current  of  branches, 
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Abitreet:  The  ihtrr  ftrUtiee  of  nlgglor  10131000  rogioo 
■ogootle  field  lo  mult  of  lovoriog  the  olietreo  boom 
corroot  gutlitj  li  oblo  full;  to  be  ronorod  by  ultlliiotioo 
of  itoggid  torniaal  loops  with  esrefully  doiigoi  the 
Btgootle  field  profile  without  soy  loferiottioo  geoerited  by 
this  device  essetly  fits  the  desirtble  requireneot  of 
idiibitie  ehtoge  of  the  field  mptitute  froa  lero  to 
ooiforn  regioo  vshoi  the  izltl  atgoetie  field  eipreiiloo 
of  the  eotrsoee  regioo  sod  the  fabrieitiog  teeholque  of  the 
device  have  been  preieoted  lo  the  paper.  the  eiperiaent 
Beisureneot  reiulti  show  a  good  agreeneot  with  ouaerical 
liBulatiooi  aod  provide  a  verificatieo  for  ratlooality  of 
the  deiigo  techlque.  For  soother  poaiible  appllcatioot  the 
bifilar  helical  wlggler  with  etagged  loepi  will  be  ezpected 
to  operate  lo  wiper iaeot  of  variable  paraaeter  PEL. 

Keywords;  bilifar  helical  wigger,  eotraace  effect, 
itagged  teraiaal  loops,  adiabatic  varlatieo 
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Abitriet 

In  thii  ptptr,  A  nt«  typt  of  liaotrly  poltrUid  wiggleriwitk 
the  ibillty  tbit  iti  Diieott  field  inplitude  end  period  cm 
be  rirled  eoorenieotly,  hti  been  Inreitigated  in  detnili. 
This  deriee  eoniiited  of  oiny  loops  wbieb  seperitedlj  fix 
on  the  drifting  tube.  Changing  the  raduis  and  perlodiwe  ean 
obtain  the  siagenetle  field  profile  whieh  we  expeet.  The 
theory  about  the  Bagnetle  field  profile  in  the  deviee  has 
been  derixed  and  stistulted  resnta  of  eoBputer  show  that  it 
ean  produee  any  nagnetle  profile  that  we  desire  by  Terying 
loops  radius  or  periods  or  period  and  radios  togather. 
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'^Space  Science  Department,  Rutherford  Appleton  Laboratory 
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Abstract 

A  superconducting  (SIS)  tunnel  junction  heterodyne  receiver  has  been  constructed  and  tested  over  the  frequency  range 
450  to  540  GHz.  The  receiver  uses  a  reduced  height  waveguide  mount  and  a  Pb  alloy  tunnel  junction  as  the  detecting 
element.  Performance  measurements  made  with  the  receiver  installed  on  the  James  Clerk  Maxwell  Telescope,  Hawaii, 
show  a  noise  temperature  (DSB)  of  165  K  at  460  GHz  and  220  K  at  490  GHz,  nneasured  in  a  1  GHz  Instantaneous  IF 
bandwidth  centred  at  4  GHz.  The  receiver  demonstrates  that  Pb  alloy  junctions  are  sufficiently  stable  and  reliable  to 
allow  use  at  a  rennote  observing  site  at  sub-millimetre  wavelengths. 

Introduction 

Because  of  their  properties  of  low  noise  and  low  local  oscillator  power  requirement,  superconductor-insulator- 
superconductor  (SIS)  tuni>el  junctions  have  become  the  preferred  detecting  element  used  In  heterodyne  receivers  for 
millimetre  and  sub-millimetre  wavelength  astronomy. 

In  recent  years,  the  millimetro  and  sub-millimetre  receiver  building  community  has  favoured  the  development  of  SIS 
junctions  with  Nb  electrodes  because  of  perceived  handling  difficulties  with  Pb  alloy  devices.  However,  the  fabrication 
of  Nb  junctions  requires  expensive  equipment  beyond  the  scope  of  many  laboratories.  We  demonstrate  that  excellent 
performance  can  be  obtain^  from  sub-mil.imetre  wave  recovers  using  the  relatively  cheap  Pb  alloy  technology.  The 
receiver  described  was  developed  by  the  Rutherford  Appleton  Laboratory  (RAL),  in  collaboration  with  the  University 
of  Kent,  and  is  now  in  use  at  the  James  Oerk  Maxwell  Telescope  (JCMT). 

Receiver  Description 

The  receiver  was  designed  to  operate  over  the  frequency  range  450  to  500  GHz  and  to  be  mounted  at  the  Gissegrain 
focus  of  the  JCMT.  An  off-axis  ellipsoidal  mirror,  polyethylene  lens  and  corrugated  feedhom  couple  the  signal  from 
the  telescope  to  the  SIS  nnixer.  This  consists  of  a  single  Pb  alloy  superconducting  tunnel  junction  (Pb  In/oxlde/Pb  Au) 
mounted  across  a  1/3  reduced  height  rectangular  waveguide.  Jundlons  (typically  0.5  pm?  area)  were  fobricated  using 
the  suspended  photoresist  technique  described  by  Dolan[1].  Two  waveguide  tuning  elements,  both  of  the  non¬ 
contacting  type(2|,  provide  optimum  nutching  conditions  Ic  the  junction.  An  intermediate  frequency  (IF)  Impedance 
matching  circuit  transforms  the  output  impedance  of  the  mixer  to  the  input  impedance  of  an  Isolator  and  low  noise 
amplifier  (LNA).  Local  oscillator  power  is  provided  by  a  Gunn  osdllator  and  quintupling  frequency  multiplier.  The 
multiplier  was  developed  at  RAL  and  has  sufficient  power  to  bias  the  SIS  junction  via  a  simple  mylar  (3%)  beam 
splitter. 

A  hybrid  liquid  helium  cryostat  is  used  to  cool  the  mixer  and  LNA.  The  typical  liquid  helium  hold  time,  for  a  single  4 
litre  fill  at  the  JCMT,  is  greater  than  two  weeks. 
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Results 

The  receiver  noise  temperature,  derived  from  a  conventional  Y  factor  measurement  using  hot  (296  K)  and  cold  (80  K) 
blackbody  sources,  includes  all  optics  losses  and  is  measured  in  a  1  GHz  IF  bandwidth  centred  at  4  GHz.  A  calibration 
gas  cell  was  used,  during  laboratory  tests,  to  confirm  that  the  noise  temperatures  measured  using  the  broad  band 
sources  corresponded  to  ^ose  obtained  with  a  spectroscopic  source  and  to  measure  the  receiver  sideband  ratio  (found 
to  be  equal  to  within  10%).  A  magnetic  field  was  applied  to  the  junction  in  order  to  suppress  Josephson  tunnelling 
currents. 

Figure  1  show  j  the  measured  performance  with  various  junction  normal  state  impedances  both  in  the  laboratory  and 
on  the  telescope.  The  best  performance  in  the  laboratory  was  obtained  with  the  65  £J  junction  at  490  GHz.  Figure  2 
shows  a  typical  spectrum  obtained  with  the  receiver  on  the  telescope. 


Figure  1.  Receiver  noise  performance  Figure  2.  CO  J»4*3  (461  GHz)  spectrum  of  Herbig-Haro 

object  16293-242.  Note  evidence  of  self  absorption 


Conclusions 

An  SIS  tunnel  junction  receiver  designed  to  operate  over  the  frequency  range  450  to  500  GHz  has  been  constructed 
using  Pb  alloy  superconductors.  Results  obtained  in  the  laboratory  and  at  the  JCMT  show  it  to  have  a  performance 
aaoss  the  required  RF  band  similar  to  equivalent  receivers  using  Nb  SIS  junctions. 
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Physical  limitation  of  response  time  of  a  superconducting  bolometer  as  well  as 
the  nature  of  non-equilibrium  detection  of  radiation  have  been  investigated  for 
Al,  Nb  and  NbN  thin  films  in  spectral  range  from  submillimeter  to  near-infrared 
wavelengths  [1,2].  In  the  case  of  ideal  heat  removal  from  the  film  with  the  ca  100 
A  thickness  the  detection  mechanism  is  an  electron  heating  effect  that  is  not 
selective  to  radiation  wavelength  in  a  very  broad  range.  The  response  time  of 
an  electron  heating  bolometer  is  determined  by  an  electron-phonon  interaction 
time.  This  time  is  of  about  10  ns,  0.5  ns  and  20  ps  for  Al,  Nb,  and  NbN 
correspondingly  near  the  critical  temperature  of  the  superconducting  film.  The 
sensitive  area  of  the  bolometer  consists  of  a  number  of  narrow  strips  (with  a 
width  of  ~  1  /xm)  connected  in  parallel  to  contact  pads;  these  pads  together  with 
a  sapphire  substrate  and  a  ground  plate  represent  the  microstrip  transmission 
line  with  an  impedance  of  50  f). 

Fig.  1  shows  the  data  obtained  by  direct  measurements  of  detectivity  D* 
and  r  for  different  superconducting  bolometers.  These  values  were  measured  at 
different  operating  temperatures,  nevertheless  it  does  not  change  the  picture  in 
common.  The  solid  line  =  4.15  •  10^®  cm/J)  lies  through  across  the 

point  representing  a  one  oi  the  best  inertial  bolometers.  Triangles  show  election 
bolometer  parameters  obtained  in  the  present  investigation.  These  devices  have 
D*  values  which  have  not  been  reached  previosly  for  fast-response  bolometers. 
Detectivity  of  the  electron  heating  bolometer  is  as  nigh  as  5  •  10^^  W"^cm*Hz^/^ 
for  Al,  10^^  W“^cm*Hz^/^  for  Nb  and  10*®  W"*cm  Hz*/^  for  NbN  films. 

The  sensitivity  can  be  enhanced  by  several  orders  of  magnitude  in  a  mi¬ 
crobolometer  design.  In  the  case  of  electron  heating  bolometer  the  supercon¬ 
ducting  strip  in  the  resistive  state  serve  as  a  resistive  load  for  the  infrared  or  a 
submillimeter  current.  In  contrast  to  a  conventional  microbolometer  the  noise 
equivalent  power  (NEP)  of  the  electron  heating  one  diminishes  not  only  due  to 
a  reduction  of  a  sensitive  area  but  because  of  the  decreasing  of  its  thickness  also. 
The  principal  term  in  NEP  is  determined  by  a  electron  temperature  fluctuation 
arising  from  the  heat  exchenge  with  phonons.  Fig.  2  shows  the  dependence  of 
NEP  on  the  Nb  film  thickness;  this  result  is  calculated  with  a  using  of  experi¬ 
mentally  measured  values  of  r  and  fitted  to  dimenesions  1x4  /um^  (asterisks) 
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Fig.  1.  Relationship  between  the  response  time  Fig.  2.  Dependence  of  a  NEP  on  the  Nb  fUm 

smd  the  detectivity  for  superconducting  bolometers.  thickness  (see  text). 


in  plane.  Triangle  in  Fig.  2  corresponds  to  a  measured  value  of  NEP  reduced 
to  the  4  jJLm^  area.  Solid  line  corresponds  to  an  isothermal  antena  coupled 
bolometer  with  the  same  area  [3]. 

It  is  clearly  visible  how  the  transition  &om  an  electron  heating  regime  (NEP 
oj  towards  isothermal  regime  (NEP  =  const)  occurs,  One  can  conclude  that 
experimental  data  are  quite  similar  to  those  which  are  expected.  The  fitting  of 
experimental  data  for  A1  at  1.6  K  and  for  NbN  for  10  K  gives  values  of  1.5*  10“^® 
W'Hz-^/2  and  2 . 10"!^  respectively. 

The  important  problem  which  should  be  solved  to  develop  a  microbolome¬ 
ter  is  its  matching  with  an  antenna.  For  an  ultrathin  film  the  real  part  of 
surface  resistance  is  rather  large;  moreover,  the  suppression  of  energy  gap  in  the 
resistive  state  leads  to  an  absorptivity  which  is  nearly  independent  on  frequency 
at  submillimeter  and  far-infrared  wavelengths.  It  means  that  superconducting 
strips  mentioned  above  may  be  considered  as  a  pure  resistive  load  to  the  antenna. 
The  sheet  resistance  inherented  in  thin  films  (40-80  11/ □)  suits  well  enough  for 
matching  to  antennas  with  a  100-200  Q  impedance. 

1.  E.M.Gershenzon,  M.E.Gershenzon,  G.N.Gol’tsman,  A.M.Lyul’kin,  A.D.Sc- 
menov,  A.V.  Sergeev,  ”On  the  limiting  characteristics  of  high  speed  super¬ 
conducting  bolometers”,  Sov.  Tech.  Phys.  Let.,  Vol.  15,  pp.  118-120, 
1989. 

2.  E.M.Gershenzon,  G.N.Gol’tsman,  A.D. Semenov,  A.V. Sergeev,  ’’Wide  band 
high  speed  Nb  and  YBaCuO  detectors”,  IEEE  Trans.  Mag.,  Vol.  27,  pp. 
2836-2840, 1991. 

3.  J.Mees,  M.Nahum,  P.L. Richards,  ’’New  design  for  antenna-coupled  super¬ 
conducting  bolometers”,  APL,  Vol.  59,  pp.  2329-2331,  1991. 
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ABSTRACT 

Picosecond  nonequilibrium  and  slow  bolometric  responses  from  a  patterned  hlgh-T;  superconducting  (HTS)  film  due  to 
infrared  radiation  were  investigated  using  both  modulation  and  pulse  techniques.  Measurements  at  A  >  0.85  i^m  and 
A  ■  10.6  |xm  have  shown  a  similar  behaviour  of  the  response  vs  m^ulation  frequency  /  The  responslvlty  of  the  HTS  film 
based  detector  at/»  0.6-1  QHz  is  estimated  to  be  10-2  -  lO-i  VAV. 

1.  INTRODUCTION 

During  the  last  couple  of  years  the  response  of  HTS  thin  films  to  infrared  radiation  has  been  intensively  studied.  One 
incentive  is  to  investigate  potential  applications  such  as  high-speed  and  sensitive  detectors  for  Infrand  radiation.  The  pulsed 
radiation  technique,  where  a  transient  electrical  voltage  across  the  current  biased  film  is  meosuied,  provides  evidence  for  at 
least  two  types  of  relaxation  processes. The  first  one,  of  picosecond  duration,  is  attributed  to  fast  relaxation  of 
nonequilibrium  excited  electron  states.  This  is  followed  by  a  second  process  which  Is  a  slow  nanosecond  (sometimes, 
microsecond)  bolometric  decay.  Wideband  measurements  of  these  phenomena  with  a  high  slgnal-to-noise  ratio  are  difficult 
because  of  the  poor  sensitivity  inherent  in  a  wideband  pulse  registration  system.  To  oveicome  this  problem  we  have  applied  a 
laser  modulation  technique  to  study  the  response  of  patterned  YBa2C:u307.8  films  in  the  resistive  state  created  by  the 
transport  current  at  a  temperature  below  T^,  Modulated  radiation  from  both  a  OaAs  laser  diode  and  a  CO2  laser  was  used.  The 
improvement  in  senr.itlvity  made  it  possible  to  trace  all  relaxation  stages  from  the  frequency  dependent  response  and  also  to 
estimate  the  respwnslvlty  of  the  HTS  picosecond  infrared  detector. 

2.  EXPERIMENTAL  TECHNIQUES  AND  SAMPLES 

Two  different  experimental  setups  were  used.  In  one  cose,  the  source  consisted  of  a  OaAs  laser  diode  with  a  wavelength 
A  ■  0.85  pni,  whose  radiation  was  modulated  by  adding  an  ac  current  with  a  frequency  up  to  1  GHz  to  the  dc  bias.  In  a 
second  experiment,  a  CO2  laser  (A  ■  10.6  urn)  was  modulated  by  a  set  of  acousto-optical  modulators  with  overlapping  bands 
in  the  range  from  100  kHz  to  100  MHz.  The  modulation  depth  was  0.2  mW  for  the  laser  diode  and  0. 1  inW  for  the  COj  laser. 
The  frequency  dependence  of  the  response  was  recorded  by  a  spectrum  analyzer  with  a  resolution  bandwidth  of  100  Hz. 
Additional  preamplifiers  with  a  noise  temperature  of  about  400  K  and  50  dB  gain  were  used  to  increase  the  signal-to-noi.so 
ratio  of  the  registration  system.  The  frequency  dependence  obtained  at  A  ■  0.85  iim  was  normalized  to  that  of  an  18  GHz 
bandwidth  PIN-dlode.  For  the  A  ■  10.6  ^m  radiation,  where  all  output  power  was  modulated,  the  response  from  an  external 
powermeter  was  used  as  reference. 

The  300-800  A  thick  YBa2Cu307.8  films  were  deposited  either  by  laser  ablation  or  magnetron  sputtering  on  LaA103  and 
NdGaOs  substrates.  The  structure  consisted  of  one  or  a  few  parallel  strips  (with  a  minimum  llnewldth  of  I  |im  and  the 
detector  area  25  x  25  iun2),  and  was  prepared  by  electron  beam  lltliography.*  All  samples  demonsuated  a  linear  decrease  of  the 
resistance  between  room  temperature  and  the  critical  temperature  (Tc  -«  87-91  K).  the  transition  width  was  -  1,5-3  K.  All 
detection  measurements  were  carried  out  at  T«  77-83  K. 

3.  RESULI'S  AND  DISCUSSION 

The  typical  data  presented  in  Fig,  I  were  obtained  at  A  ■  0,85  pm  for  different  bias  currents  (curves  1  and  2  for  NdGaOi 
subsPate,  3  and  4  for  LaAI03  substrate)  and  at  A  ■  10.6  pm  (curve  5,  NdGa03  substrate).  Similar  curves  were  obtained  over 
a  wide  range  of  bias  currents  corresponding  to  resistive  states  from  near  the  superconducting  state  up  to  the  nomtal  state.  The 
ow  frequency  part  of  the  curves  follows  the  relation  /«.  For  NdOaOs  (curves  I  and  2),  n  is  approximately  0.6,  and  for 
LaAI03  (curves  3  and  4),  «  «<  0.7,  At  f  ■  200-300  MHz  the  constant  slope  curve  changes  to  a  steeper  slope,  which  eventually 
ends  in  a  plateau  at  0,6-1  GHz.  In  all  cases  the  amplitude  of  the  signal  was  proportional  to  the  dU/dT  value,  where  U  is  the 
dc  voltage  across  the  film.  For  10.6  pm  radiation  n  -  0.4. 
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Frequency  (MHz) 

Fig.  1.  Frequency  response  at  A  ■  0.8S  |lm;  curves  1  and  2  for  NdOaOj  substrate,  3  and  4  for  LaAlOa 
substrate.  Curve  5  shows  frequency  response  at  A.  ■  10.6  pm.  The  curves  ate  arbitrarily  shifted  along  the  y- 
axis.  Solid  lines  in  region  A  are  fltted  according  to/",  where  n  ••  0.6  for  curves  1  and  2,  and  n  "  0.7  for 
curves  3  and  4.  For  curve  5  n  «>  0.4.  In  region  C  a  plateau  is  reached. 

We  attribute  the  origin  of  the  0.6-1  OHz  fast  response  to  the  relaxation  of  excited  electron  states  chaiacterlzed  by  a 
nonequllibrium  distribution  function.  The  relaxation  rate  of  the  film  resistance  is  governed  by  the  relaxation  rate  for  the 
electron  subsystem.  The  f>valuo  is  within  the  picosecond  range.  1  This  relaxation  process  corresponds  to  the  high-frequency 
plateau  in  Fig.  1 .  Additional  measurements  using  a  pulsed  OaAs  laser  diode  have  shown  that  this  time  is  less  than  30  ps.  The 
next  stage  of  relaxation  is  a  transport  of  nonequilibrium  phonons  across  the  film-substrate  interface.  The  presence  of  a  thermal 
resistance  between  the  film  and  the  substrate  Is  Indicate  by  a  steeper  part  of  the  frequency  dependence  in  Fig.  1.  The  last 
stage  of  relaxation  Is  the  heat  diffusion  In  the  substrate  following  the  temporal  law  t-o  *  in  the  one-dlmenslonal  case.  This  Is 
in  agreement  with  the/"  dependence  of  the  response  obtained  in  our  experiment. 

Taking  into  account  that  the  coupling  of  radiation  into  the  HTS  samples  has  not  been  optimized  we  estimate  the 
responslvTty  for  the  fast  response  (f  ■  0.6-1  GHz)  to  be  10-2  -  lO-i  VAV  at  0,85  pm.  An  extrapolation  of  the  frequency 
dependence  of  the  response  at  10.6  pm  up  to  1  OHz  gives  a  responslvlty  about  10-*  V/W.  The  results  obtained  are  promising 
for  the  development  of  spectrally  broadband  picosecond  infrared  detectors.  We  intend  to  continue  the  study  by  improving  the 
quality  of  the  samples  and  by  extending  the  range  of  available  modulation  frequencies  by  mixing  of  laser  radiation, 
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Normal  state  YBaaCuaOr.f  fllms:  A  new  fast  detector  for  far  infrared  laser  radiation 
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Institut  fiir  Angewandte  Physik,  Universitat  Regensburg,  93040  Regensburg,  Germany 

1.  ABSTRACT 

Room  tetr^jerature  YBaaCusOr-j  fllms,  epitaxially  grown  on  specially  cut  substrates  are  shown  to  be  efTective 
detectors  of  high  power  far  infrared  laaer  pulses.  For  a  40  nm  thick  fllm  we  have  measured  a  responsivity  of 
(5  ±  2)  X  10'“’'  V/W,  independent  of  frequency  in  the  range  from  20  cm“*  to  110  cm"'.  The  response  time  is 
determined  by  thermal  diffusion,  giving  a  200  MHz  bandwidth  fur  this  fllm  thickness. 

2.  INTRODUCTION 

A  frequent  feature  of  power  and  energy  meters  for  high  power  laser  pulses  is  their  strong  wavelength  dependence  in 
the  FIR.  This  may  arise  from  their  intrinsic  detection  mechanism,  as  for  photoconductive  and  photon  drag  devices, 
of  from  interference  effects  due  to  the  detector  crystal/eiectrodes  as  has  been  observed  for  pyroelectric  elements. 
This  report  suggests  a  new  solution  to  this  problem,  using  a  thin  fllm  of  the  high  temperature  superconductor 
YBajCuaOr^s  at  room  temperature  as  the  detector  element.  Such  fllms,  when  deposited  on  specially  cut  substrates, 
have  recently  been  shown  to  exhibit  a  thermoelectric  response  to  UV  to  FIR  radiation  [1]. 

The  generation  mechanism  has  been  explained  by  the  anisotropy  of  the  thermopower  in  YBaaCua07..s  [2].  In  a 
microscopic  picture,  different  absolute  thermopowers  are  ascribed  to  the  metallic  CuO  planes  and  the  more  insu¬ 
lating  intervening  layers.  If  these  planes  are  tilted  by  an  angle  a  relative  to  the  fllm  surface  (Fig.  1)  they  form  a 
series  connection  of  atomic  scale  thermocouples.  Heating  the  fllm  surface,  for  example  by  absorption  of  radiation, 
established  a  temperature  gradient  within  the  fllm.  Thus  a  thermoelectric  voltage  parallel  to  the  fllm  surface  is 
generated  and  detected  as  photosignal. 


Fig.  li  Formation  of  a  thermopile  by  CuO  layers  (black)  and  intermediate  layers  (white)  in  a  YBaaOuaOr-*  film 
with  a  c-axis  tilt  of  a  to  the  surface  normal  n. 


3.  EXPERIMENTAL 

We  studied  the  FIR  response  of  films  with  different  thicknesses.  The  I  cm"  fllms  were  grown  by  laser  ablation  on 
Srl'iD,-!  substrates  cut  with  the  surface  normal  at  an  angle  of  10®  to  the  (100)  direction.  Our  radiation  suurco  was 
a  TEA  COa  loser  pumped  superradiant  FIR  laser  of  conventional  overslse  metal  waveguide  design,  We  obtained 
FIR  pulse  i)roflleB  with  a  fast  intrabaud  photoconductive  Gc  detector.  Figure  2(a)  shows  the  response  of  a  series  of 
YHaaC^U;)OT..j  films  and  the  photoconductive  detector  (bottom  trace)  to  40  cm"'  radiation.  From  the  decay  time 
of  6  us  for  the  40  nm  fllm,  we  estimate  the  electrical  detector  bandwidth  to  be  200  MHz.  Using  a  Gentec  ED200 
pyroelectric  Joulemeter  in  conjunction  with  the  photoconductive  detector,  iustantanous  powers  could  be  calculated 
at  each  frecpiency,  The  resulting  film  responsivity  of  (6  ±  2)  x  10"^  V/W  is  reli.tively  uniform  between  20  ctn"'  and 
110  cm"':  Fig.  2(b).  Such  a  beliaViour  Is  to  be  expected,  as  the  fllm  is  much  thinner  than  the  radiation  absorptiun 
deplli  and  neither  YBaaCu.-jOr-i  nor  SrTiOa  have  strong  absorption  fe,itures  in  this  spectral  region. 
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tim#  ( n8 )  wavt  number  I  cm  "M 


FIQ.  3)  (a)  RAsponie  of  YBajCuaOr-i  flltna  of  different  thicknesses  to  a  FIR  laser  pulse  at  40  cm~^  and  (b)  the 
measured  responslvlty  of  the  40  tim  YBaaCusOr.s  film  as  a  function  of  radiation  frequency, 

The  linearity  of  the  response  was  checked  using  calibrated  card  attenuators.  No  significant  deviations  were  found 
over  three  orders  of  magnitude  down  to  the  noise  limit  imposed  by  the  amplifier.  The  detector  noise  was  found  to 
be  the  same  as  for  a  metal  film  resistor  of  the  same  ohmic  value.  As  the  film  operates  without  bias  curreitt,  the  NEP 
is  thus  determined  by  the  Johnson  noise  as  3.6  x  10~® 

4.  DISCUSSION  AND  CONCLUSION 

A  drawback  of  such  films  as  detectors  is  their  relatively  low  responsivity,  The  PIR  reflectivity  of  a  40  nrn  film  at  room 
temperature  is  about  00  %,  and  so  most  of  the  incident  energy  is  reflected  by  the  film,  Considerable  improvements 
might  be  achieved  by  use  of  an  absorbing  coating  on  the  Aim  surface  or  incorporating  the  film  into  an  integrating 
cavity. 

in  conclusion,  we  have  shown  tliat  epitaxial  YBajCusOr-^  films,  deposited  on  specially  cut  substrates,  are  effective 
largo  area  room  temperature  detectors  of  FIR  laser  pulses.  The  response  is  relatively  uniform  at  frequencies  between 
20  cm"'  and  llO  cm"',  For  a  40  nm  film  we  obtained  a  responslvlty  of  (6 ±2)  x  10"'^  V/W  with  a  200  MHs  detector 
bandwidth  and  a  NEP  of  3.0  x  10"®  W/Hs'/", 
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Transverse  MIR  fast  response  in  PbSe  films 
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ABSIBAa 

Aniaotropic  leiniconductor  or  lemimetal  Alms  can  produce  large  transvene  voltage  under  lightening.  PbSe 
and  PbS  films  show  a  room  temperature  intense  sub  nsec  response  ( ~  V/MW)  in  the  10pm  region  due  to  free 
carrier  phobn  drag  .but  the  direct  matched  response  on  a  50  O  Impedance  is  lower  ( ~  0.1  V/MW  for  Icm^ 
Aim )  due  to  the  Aim  resistance  ( >  Kfl) .  CO2  700^  mode  locked  pulses  an  aaaily  detected  in  the  scope  limit . 


ijcmcuam 

Semimetala  and  semiconductors  with  anisotropic  band  stnietun  can  show  photon  drag  raaponse  ( ~  10*1^  s ) 
under  lightening,  due  to  a  different  carrier  mass.  Photon  draggging  can  be  aln  observed  by  opdeal  pieasun  on 
Aee  carriers  inside  an  Intinband  transition.  Generally  weak  doped  samkonduetors  an  used .  but  in  principle 
also  strong  doped  Nmlconductors  or  semimetals  can  show  PD  effects.  Thepenetntiondapthinsemimelalor 
strong  doped  semiconductors  la  veiy  small  (  few  pm)  so  these  Aim  detMtois  an  not  easy  to  make .  If  the  Aim 
is  evaponted  on  anisotropic  mode,  a  tnnsverse  component  of  this  optical  preesun  can  be  detectid  along  the 
Aim  over  a  large  sise  <  -  cm) .  giving  a  large  PD  transverse  signal^ .  This  effect  has  been  observed  in  Sb  and  Bi 
both  in  the  MIR  and  the  FIR ,  but  it  can  be  also  observed  in  strong  doped  PbS  and  PbSe  Alma  as  nportod  hen. 
These  semiconductors  evaporated  with  laige  angle  show  a  large  doping  maybe  due  to  S  (Se)  vacandee  ( >  10^^ 
carrier  /cm?) .  giving  a  light  absorption,  also  for  X  larger  than  the  interband  edge  (5  pm).  For  suitable  Aim 
depth  the  light  can  completely  absorbed  in  the  Aim  .  In  this  way  it  is  pouible  to  detect  a  very  fut  MIR 
signal  on  la^  size  detectors. 

DBCUagN 

We  have  evaponted  Pbs  and  PbSe  Aim  at  typically  40  ^  evapontion  angle.,  of  few  pm  thickness  and  typical 
3>30  KO  /squan  resistance  and  a  large  free  carrier  concentration.  Films  with  10.50  Ka  /squan  show  good 
fast  Oember  response  in  the  NIR  region  ( 1*5  pm )  Light  wi,th  photon  energy  lower  than  the  valence* 
conduction  gap  shouldn't  have  Dember  response,  but  a  fast  response  is  observed  also  at  10  and  100pm  which 
we  attribute  to  a  PD  response.  This  rnponse  Is  larger  in  PbSe  also  if  it  Is  affected  by  a  moderate 
thermoelectric  (TB)  tall.  In  Ag  la  Is  reported  the  response  to  a  fut  IMW/cm^  10  pm  pulu  emitted  by  a 
broadband  self  nvxle  locked  CO2  lascH.  The  detectors  are  -05  cm^  PbS  ( SKfl  /square)  (a)  and  PbSe  ( SKD 
/square)  (b)  Alms  . 


Ag  1;  PbS  reeponM  (a)  and  PbSe  response  <  b) ;  Xscale  •  5ns  /div,  Yscalea50mV/div 
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The  ilgnal  lign  it  depending  on  the  contact  polarity  retpect  the  evaporation  venue.  To  obtain  the  fait  reaponee 
without  cable  reflectione  ,the  signal  is  closed  on  a  50  Q  Impedance  so  that  the  nominal  mponaivity  is  50*200 
times  reduces  .In  spite  of  this  reduction  typically  0.2V/ MW  response  can  be  obtained  on  a  Icm^  aiM  Aim. 

We  can  see  that  fast  sub-ns  spikes  can  easily  detected  in  the  oscilloscope  limit  (  500MHz  bandwidth).  The 
signals  strongly  depend  on  the  film  crystallization  .  Optical  films  show  a  large  PD  signal  while  amorphous 
films  show  only  the  TE  one  .  The  PbS  signal  increases  with  film  thickness.  Optical  Alms  with  3Kn  /square 
are  the  thickest  ones  we  can  produced  .  On  the  contrary  PbSe  well  grown  Alms  with  1  KO  /square  can  be 
produced  .  The  thicker  films  show  TE  tails  depending  on  the  substrate  thermal  conductitdty  .  The  PbS 
responsivity  is  in  general  3  Arnes  lower . 

In  Ag .  2  is  reported  the  response  on  -  0.5cm2  PbSe  ( IKO  /square,  SI  substrate  )AIm  under  IMW/cm^  lightening 
for  tont  (a)  and  Back  (b)  llluminaAon.  While  the  TE  tail  reverses  the  sign  with  thermal  gradient  iitslde  the 
film  ,the  PD  sign  doesn't  change  (as  observed  in  Sb  and  Bi  Aim )  showing  that  it  is  produced  by  Ught  deflecAon 
inside  the  A'ansverse  microcrystats^ 


Ag2:  PbSe  on  Si  response :  a)*  front  (  Sns/div ,  lOOmV  /div ),  b)*  back  illumlnaAon  ( 20na/  div,  20mV  /div) 

By  using  a  suitable  plasAc  substrate  the  TE  signal  can  be  eliminated.  A  reduce  ( -  03  Ames )  PD  response  has 
bran  obs^ed  in  PbSe  also  at  100  pm ,  showing  that  the  10pm  PD  signal  is  influenced  by  Ate  band  edge  effect 
on  the  carrier  mau.Film  damage  is  observed  for  power  densities  larger  Aian  4MW/cm2 

3.CCNfflUSiCN 

We  have  observed  fast  sub-ns  response  both  In  PbS  and  PbSe  anisotropic  films  in  the  MIR  region  ( 9-1 1pm) .  The 
PbSe  response  is  larger .  A  crude  50n  nutched  response  larger  than  >03  V/MW  on  0.1  cm^  detector  can  be 
observed  which  is  larger  than  equivalent  Go  PD  detectors. 
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ABSTRACT 

We  report  on  Investigations  of  the  photorosponse  Induced  In  a  novel, 
miniaturized  low-noise  metal  resistor  film  bolometer  array  when  Irradiated 
by  laser  pulses  with  wavelengths  oovering  the  mid-  and  far-infrared  spectral 
ranges.  Successful  operation  at  room  temperature  was  achieved  and  almost 
constant  detectivity  was  found  over  the  whole  frequency  range  Investigated 
(15  •  1100  cm'i).  The  minimum  detectable  laser  pulse  energy  was  determined 
to  be  about  0.6  pJ. 

THE  BOLOMETER  ARRAY 

The  detector  investigated  in  this  study  was  one  detector  of  a  miniaturized 
low-noise  four-channel  metal  resistor  bolometer  array  module  developed  for 
fast  bolometrlo  diagnostics  of  fusion  plasma  experiments  [1].  Figure  1  shows 
the  bolometer  detectors  Installed  In  the  four  left  channels  of  the  detector 
array  head,  whereas  the  four  right  channels  hide  the  reference  bolometers. 
The  detector  basically  consists  of  a  thin  Insulating  carrier  foil  covered  on 
each  side  with  structured  gold  layers  forming  Identical  and  Independent 
bolometer  bridges.  Radiation  Is  detected  by  means  of  4  pm  thick  gold  absorber 
layers  which  are  blackened  In  order  to  reduce  their  reflectivity.  Anodized 
aluminium  cooling  plates  pressing  on  20  pm  thick,  electrolytically  deposited 
thermal  contact  layers  act  as  heat  sinks.  Each  bolometer  bridge  comprises 
four  temperature-dependent  gold  resistor  layers  deposited  on  the  rear  side  of 
the  foil  opposite  the  absorber  layers  of  the  measuring  and  corresponding 
reference  bolometers.  A  detailed  description  of  the  detector,  the  electronics 
and  the  calibration  technique  can  be  found  In  [2]. 

EXPERIMENTAL 

The  aim  of  the  experiment  was  to  determine  the  absolute  value  of  the 
bolometer's  photoresponse  signal  detectivity  and  its  spectral  response 
characteristics.  Thus,  photoinduced  signals  delivered  from  the  bolometer 
when  Irradiated  with  Intense  pulsed  laser  radiation  covering  the  frequency 
range  from  15  to  1087  cm-^  were  measured.  The  bolometer  detectivity  was 
determined  by  comparing  the  bolometer  photoresponse  signal  amplitude  with 
that  measured  when  a  calibrated  reference  detector  was  irradiated  with  an 
identical  laser  pulse.  A  detailed  descripitlon  of  the  laser  system  employed  for 
this  study,  an  electrically  pumped  high  pressure  CO2  laser  which,  in  turn. 
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pumps  a  single-pass  waveguide  molecular  gas  laser,  can  be  found  elsewhere 
[3].  The  CO2  laser  delivers  200  mJ  pulses  with  a  length  of  250  ns  ,  covering 
the  frequency  range  around  1000  cm'^  The  accessible  emission  frequencies  of 
the  far-infrared  laser  range  from  8  to  240  cm-^;  pulse  energies  of  up  to  1  mJ 
within  pulse  durations  of  less  than  100  ns  can  be  generated. 

Roaulte 

Sufficiently  strong  photoinduced  signals  are  obtained  from  the  bolometer  over 
the  entire  frequency  range  Investigated  with  the  laser  system.  The  bolometer 
photoresponse  signal  detectivity  obtained  from  the  calibration  to  reference 
detectors  Is  shown  In  figure  2.  A  detectivity  of  magnitude  lO^V/J  (at  gain  Q  « 
2048  of  the  amplifiers)  is  valid  across  the  entire  frequeny  range  of  this 
investigation.  As  in  previous  experiments,  a  detectivity  of  68.5  V/J  at  the 
bridge  output,  corresponding  to  1.4  *  10^  V/J  at  the  output  of  the  electronics, 
was  determined  for  the  oases  of  ohmio  heating  and  Irradiation  with  visible 
light  at  atmospheric  pressure.  This  Indicates  an  absorptivity  of  about  7  %  in 
the  mid-  and  far-infrared  speotral  ranges.  From  the  voltage  noise  at  the 
bolometer  electronics  output,  approx.  3  p.V,  a  minimum  detectable  pulse 
energy  of  about  0.6  pJ  can  be  estimated.  Thus,  the  available  laser  pulse 
energies  of  several  hundert  pJ  In  the  far-IR  and  of  several  hundert  mJ  In  the 
mid-IR  exceed  this  detection  limit  about  lO^and  IO0  times,  respectively.  The 
detectivity  and  the  noise-equivalent  energy  of  the  bolometer  detector  thus 
allow  the  use  of  this  kind  of  detector  for  laser  spectroooplc  methods. 
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FIgural :  Four-channel  bolometer 
detector  array;  the  four  left 
channels  of  the  unit  are  equipped 
with  measuring  bolometers. 


Figure  2:  Bolometer  detectivity  (at 
a  fixed  amplification  factor  of  Q  - 
2048)  obtained  by  calibrating  with 
respect  to  reference  detectors. 
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The  pulse  structure  of  the  output  of  a  typical  free-electron  laser  (PEL)  is  shown  in  Fig  1.  We 
have  recently  reported  the  operation  of  a  comMct  waveguide  FEL  for  the  millimetre-wave  region  [1] 
with  an  average  output  power  of  up  to  IkW,  in  a  macropulse  4m.8  long  which  is  repeated  at  a 
maximum  frequency  of  40Hz.  The  laser  is  driven  an  S  band  (30Hz)  microtron  delivering 
electron  pulses  of  ISps  duration  spaced  by  330p8  and  this  results  in  the  micropulse  structure  shown 
in  Fig  1.  However,  the  dispersion  of  the  waveguide  and  the  frMuency  selectivity  of  the  resonator 
leads  to  a  micropulse  duration  of  ~100ps.  The  present  output  of  the  F^  is  between  2. 1  and  2.6mm 
but  a  new  laser  is  under  construction,  designed  to  extend  the  wavelength  range  down  to  5(X)pm, 

A  variety  of  detectors  have  been  used  to  study  the  output  of  the  FEL,  including  microwave 
diodes,  pyroelectrics,  n-InSb  electron  bolometers  operating  at  77K,  long  wavelength  response  Oe:Oa 
photoconductors  and  photon  drag  detectors.  At  present  the  time  resolution  achieved  is  3-4ns,  which 
has  allowed  study  of  fast  variations  in  the  macropulse,  but  the  eventual  aim  is  to  observe  the 
micropulses  directly.  This  will  require  a  very  fast  display  system,  such  as  that  used  by  Renk  and  his 
colleagues  [2], 

With  powers  available  in  the  lOOW  to  IkW  range  the  simplest  devices  to  use  are  microwave 
diodes,  pyroelectrics  and  photon  drag  detectors.  As  the  performance  of  diodes  is  very  well  known 
at  long  wavelengths,  we  have  confined  our  studies  to  the  other  two  detectors.  Moderately  fast 
pyroelectric  detectors  (response  time  ~l(X)ns)  have  proved  very  convenient  for  observing  the 
macropulse,  but  results  with  verv  fast  devices,  ep  Molectron  PS-(X),  have  been  disappointing.  This 
is  due  to  a  combination  of  low  absorption  at  millimetre  wavelengths,  difficulty  in  focusing  sufficient 
of  the  FEL  output  power  on  to  the  small  area  of  ^Imm^  and  excess  noise  from  electrical 
interference. 

An  optimised  50n  impedance  photon  drag  detector  with  5x5mm  cross-section  has  a 
responsivity  of  ~10‘*  VW'l  at  2mm.  This  is  almost  identical  to  a  Imm^  pyroelectric  detector  with 
sub-nanosecond  response  time  at  wavelengths  where  it  is  'black'.  We  have  obtained  excellent  signal 
to  noise  using  a  30ohm  cm  n-Oe  photon  drag  detector.  It  has  the  added  advantage  that  it  is  a  power- 
measuring  device,  as  the  voltage  responsivity  can  be  calculated  from  the  detector  dimensions,  with 
the  doping,  mobility  and  refractive  index  of  the  germanium  [3].  As  photon  drag  detectors  can  be 
made  with  response  times  of  <200n8  it  should  be  possible  to  observe  features  due  to  the  micropulse 
structure  of  the  FEL  output. 

Oe:Oa  photoconductors  have  a  long-wavelength  response  well  beyond  their  normal  cut-off  at 
~120|.im.  This  is  probably  due  to  an  electron  bolometer  process  [4],  which  should  be  very  fast. 
However,  as  typical  detector  resistances  are  >10kn,  nanosecond  response  times  will  be  difficult  to 
observe.  In  early  experiments  we  have  observed  millimetre  wavelength  response  but  with  excess 
noise,  due  to  x-rays.  These  experiments  will  be  continued  with  a  new  optical  arrangement  where 
the  detector  will  be  at  an  increased  distance  from  the  FEL. 
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The  most  interesting  detector  results  have  been  with  an  InSb  electron  bolometer  operated  at 
77k.  At  4K,  the  normal  operating  temperature,  the  response  time  is  about  500ns,  due  to  slow 
coupling  between  the  heated  electrons  and  the  lattice.  At  higher  temperatures  the  coupling  speed 
increases  md  should  be  much  less  than  Ins  at  77K.  However,  the  present  detector  has  a  resistance 
of  1 .5kQ  and  the  RC  time  constant  is  ~20ns  As  the  laser  power  requires  considerable  attenuation  to 
prevent  detector  saturation,  we  propose  using  a  50Q  detector  to  achieve  much  faster  response.  An 
intriguing  feature  of  the  77K  results  is  that  at  low  powers  the  sign  of  the  detector  output  is  the  same 
as  at  4K,  but  at  higher  powers  the  sign  reverses.  We  are  investigating  this  further. 

In  conclusion,  it  is  worth  remarking  that  the  present  PEL  has  proved  to  be  an  extremely  reliable 
source  of  millimetre  wave  radiation  and  the  pulse  structure  makes  both  it,  and  the  new  shorter 
wavelength  version,  ideal  for  studying  the  various  new  detectors  that  are  now  being  developed. 
These  include  multiquantum  wells  and  devices  based  on  superconductors,  both  conventional  and 
high  Tc,  which  have  been  shown  to  have  response  times  of  lOOps  or  less  [2],  [5]. 
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ABSTRACT 

The  theory  of  IR-quenohlng  of  the  visible  radiation  in  the  regi¬ 
on  of  relative  tranapau?enoy  of  CdS  oirystal  at  room  temperature  is 
proposed.  The  initial  experiments  are  In  well  egipreement  with  theory 
what  is  likely  the  first  evidence  for  spherical  exoltons  in  impuri¬ 
ties  to  exist.  The  results  obtained  indicate  that  lor  \s2-5  mkm  MEP  < 

lO”^^  can  be  achievable. 

2.JmQEmiQN 

At  high  enough  (room)  temperatures  many  physical  mechanisms  of 
IR-deteotlon  become  vuieffeotive  as, for  instance,  photoconductivity  at 
impurity-band  transitions  in  semiconductors. 

The  aim  of  this  work  is  to  develop  new  physloal  ideas  which  may 
allow  to  create  the  incoherent  receiver  of  IR  radiation  with  the  pa¬ 
rameters  that  are  essentially  better  than  achieved  up-to-date  and 
greatly  protected  against  baokgroimd  radiation. 

The  effect  of  probing  visible  radiation  quenching  by  IR-lllu- 
minatlon  of  CdS  volume  crystals  observed  at  room  temperature  oeui  be 
explained  quantitatively  only  considering  the  spherical  exotons-  free 
(usual ) exoltons  interaction.  The  spherical  excltons  may  have  percep¬ 
tible  orosn-seotlons  for  different  interactions^ ,  however  they  were 
not  observed  until  now. 

3 

CdS  crystals  with  typical  sizes  1x3x4  cm  were  excited  by  radi¬ 
ation  of  mercury  lamp  DRSh-250,  and  the  spectrum  of  the  radiation 
treuismitted  through  the  crystal  was  registrated. When  the  mercury  lamp 
radiation  is  passed  initially  through  the  water  filter,  the  intensi¬ 
ties  of  doublet  lines  (X=546  nm  and  X  -  577  nm)  in  the  spectrum  men¬ 
tioned  abo'n'e  au'e  in  1,5-3  times  larger  than  in  the  case,  when  the 
water  filter  was  taken  off.  Herewith  as  the  measurements  show,  the 
ultraviolet  part  of  Hg-lamp  emission  is  attenuated  by  water  filter  in 
o*  5  times,  while  the  intensity  of  lines  X  s  546  nm  and  577  nm 
decreases  in  1,5-2  times. 

Thus,  we  need  to  understand  how  the  energy  absorber  being  loca¬ 
ted  in  the  optical  path  may  lead  to  increasing  power  of  secondary  ra¬ 
diation  from  the  crystal.  The  identifying  of  this  effect  may  be  ob¬ 
tained,  by  our  opinloix,  with  taking  into  consideration  what  water  outs 
off  the  radiation  with  i>1,4  mkm  and  quartz  elements  are  transparent 
for  i  <  5  mkm.  Consequently,  the  effect  is,  in  fact,  the  IK-quenohing 
of  probe  visible  radia-tion  intensity  in  the  region  of  the  crystal 
relative  transparency,  and  the  wavelength  quenching  radiation  lies  in 
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1 , 4~5  mkm  band. 

Durln^p  initial  2  minutes  after  the  Hg-lamp  was  switched  on, 
instead  of  IR-quenchlng:  the  opposite  effect  is  observed  that  agrees 
well  with  the  know  fact  that  the  heating  of  Hg-lamp  quartz  walls  up 
to  alOOOK  is  realized  Just  at  this  time. At  such  temperature  the  maxl- 
imum  of  blaok-body  radiation  corresponds  to  \  *3  mkm.  At  ^£*595  nm  the 
IR-quenohlryt  effect  changes  its  sign:  the  intensity  of  secondaiv  ra¬ 
diation  with  \>X  =595  nm  decreases  if  the  water  filter  was  Installed, 

o 

Prom  the  results  obtained  it  follows  that  IR  irradiation  with 
-S 

power  P  =10  W  leads  to  changing  of  absorption  coefficient  K  for 

probing  green  radiation  by  amount  of  AK“0,2  om”!Thls  allows  us  to  es- 
eatlmate  the  sensitivity  (NEP)  of  IR-deteotlon  for  given  experimental 
-1  2 

set-up  as  <“10  WHs . 


4.TH!!:QRY 

The  gist  of  the  meoheuilsms  that  explains  the  experiment  is  fol¬ 
lowing.  A  photon  of  incoming  radiation  with  the  energy  hcjj=(B.^-A)  is 

absorbed  as  a  result  of  the  process  described  in  the  second  order  of 
perti.irbatlon  theory.  Here  is  the  energy  of  ground  (n=1  )  exolton 

9X 

state  in  the  crystal,  A  is  the  energy  deficit.  At  the  first  stage  the 
photon  disappears  and  free  virtual  exolton  is  created. 

At  the  second  stage  this  exolton  fills  up  its  energy  deficit  due 
to  collision  with  a  spherical  exolton  localized  at  manyeleotron  impu¬ 
rity  atom  (In  our  case  -  the  extra  Cd  atoms).  Those  spherical  exol- 
tons,that  are  able  to  lose  due  to  collision  the  energy  which  is  close 

to  their  binding  energy  Ry* ,  must  be  in  highly  excited  states  n,l»1, 
where  n,l  are  mean  and  orbital  quantum  numbers  of  spherical  exolton. 
In  the  case  under  consideration 


Ry* 

(Z*  =  1  ) 

=  381 

-1 

cm 

4i 

om"^ 

Ry 

_ 

(Z  =2  ) 

=  1524 

Ry* 

(Z%3) 

=  3429 

-1 

cm 

where  Z*  is  effective  charge  of  a  hole  partlpatlng  in  the  spherical 

exolton. The  value  Z* =3  is  maximal  value  of  Z* ,  which  may  be  obtained 
due  to  overcharging  of  a  spherical  exolton  as  a  result  of  photoionl- 
zatlon  of  an  impurity  atom  by  IR-radlatlon. 

At  T=300  K  the  position  of  exolton  line  in  CdS  crystal  corres¬ 
ponds  to  Xi“510  nm  and  so  the  maximal  energy  deficit  A,  which  permits 

the  absorption  at  .  is  A  =3400  cm  ^  .Thus,  the  creation  of  sphe- 

b  max 

rlcal  excltons  with  Z*=3  connected  with  IR-lllumination  leads  to 
light  absorption  only  when  A<  4  Ry*(Z*=3). 

iftCsX 

In  this  work  the  theory  of  spherical  exoitons  creation  is  deve- 
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lopad  (this  problem  was  not  oonsldered  previously  up  to  end  ).  which 
shows  that  such  objects  come  to  existence  preferentially  In  hlahly 
excited  states. The  energy  of  hot  electrons  needed  for  coulomb  excita¬ 
tion  of  spherical  exoltona  must  be  about  10  eV  for  Cd  atom  In  crystal. 

Calculations  give  that  sufficient  concentration  of  such  elec¬ 
trons  may  be  obtained  by  quadrupolar  (J=2)  photons  flow  emitted  from 
Hg-lamp  at  A.a365  nm.  which  3-d  haxroonlo  generated  In  the  volume  of 
the  crystal  ooirresponds  Just  to  the  excitation  energy  needed.  Spheri¬ 
cal  excltons  In  Hg  atoms,  that  can  emit  the  UV  photons  with  Jb2,  de¬ 
mand  for  their  creation  the  energy  close  to  120  eV,  what  also  agrees 
with  over  experimental  data.. 

Numerical  estimation  for  the  situation  dlsorlbed  above  gives  the 
following  results: 

t  «1  .2  •10“'^e,  N.„(Z’^=3  )<“0.75*10®om“®.  n=l<»'2‘10^,  AKaO .  1  4  om“ . 

0  sp 

where  Is  life-time  of  a  spherical  exclton  with  n.l»1  relative  to 
transitions  to  Its  grovuid  state.  N  Is  the  concentration  of  spherl 
cal  excltons.  Calculated  value  of  AK  agrees  with  the  measured  one. 


mu  m  SMSUniTY 


Likewise  as  was  shown  by  Vlasov  et  al.  one  can  obtain 


NEP 


f  huAv 


1/2 


where  hu  Is  the  energy  of  a  visible  photon,  t|  la  quantum  yield,  Av  la 
the  bandwith  of  reglstratlng  system,  p’’'s;p/P^^  ( P»AP®'^^/P^^)  Is  the  co¬ 
efficient  of  transfozmiatlon  of  IR-radlatlon  power  Into  the  change  of 

secondary  visible  radiation  power  AP^^^The  calculation  for  conditions 
of  our  experiment  gives 

-19  -1/2 

NEP  O'  3*10  WHZ 


what  Is  much  better  than  above  mentioned  estimation  based  on  experi¬ 
mental  value  of  AK.  In  our  opinion  there  are  several  factors  which 
optimization  may  lead  to  essential  reduction  of  experimental  estima¬ 
tion  of  NEP.  For  Instance,  one  should  use  much  larger  solid  angle  to 
collect  the  secondary  radiation. 


1.  G.K. Vlasov,  "Spherioal  exoitons  in  manyeleoti*on  atoms", 
Intern. J.o/  Infrared  and  Millimeter  Wavee^  vol.12,  pp. 397-429 i  April 
1991  . 

2.  Q.K. Vlasov,  D.N. Vylegzhanin,  E.I. Chizhikova,  "Bxoitonio 
deteotors  of  infrared  and  submillimeter  waves:,  Digest  of  Teoh.Papere 
of  1B-th  Intern. Con f .on  Infrared  and  Millimeter  Waves  (U.K.1993)* 
preoeding  paper. 
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1.  INTRODUCTION 

In  the  development  of  the  pyroelectric  infrareal  detector* the  single  crystal  pyroelectrics  is 
paid  great  attention  due  to  its  excellent  characters  in  the  pyroelectric  coefficient  if » dielectric  con- 
stont  c  and  dielectric  loss  tnn8.  But  the  production  of  the  single  crystal  material  needs  the  complex 
process* long  cycle  and  great  expenses* and  it  can  not  withstand  the  high  power  radiation.  So* its 
applications  are  limited* and  several  polycrystalline  pyroelectric  materials  are  studied  and  devel¬ 
oped.  PZT  (lead  zirconate  titanate)  is  a  pyroelectric  material  that  can  overcome  the  above  weak¬ 
nesses  of  the  single  crystal  material  and  possesses  the  resistance  to  heat* damp  and  oxidation. 
Heance*its  application  fileds  are  very  wide. 

2.  SELECTION  AND  EXPERIMENT  OF  PBZT 

The  stucture  of  PZT  is  ABOi  type.  If  the  Zr  to  Ti  ratio  of  the  material  is  changed  *ita  phase 
stucture  and  characters  will  be  different.  The  Zr-Ti  ratio  of  a  ferroelectrics  or  pyroelectrics  should 
be  selected  in  earnest  according  to  their  applications.  From  the  PZT  phase  diagrom*we  know  that 
there  is  a  coexistent  range  olF,  (tetragon)  and Fj*  (triangle)  nearby  the  being  53/47 *that  is* 
the  difference  of  the  free  energy  and  the  activation  energy  between  F,andFjtare  very  little  in  the 
range.  So  a  weak  electric  field  may  cause  the  transformation  of  the  phase  stucture* the  sand  the 
deformation  of  PZT  are  very  large* and  the  internal  friction  in  the  course  of  the  electric-domain- 
wall  moving  will  increase  *that  is*tan8  increases.  In  accordance  with  the  quality  requirements  for  a 
pyroelectrics  such  as  high  7  *low  c  and  tan8*the  ratio  must  be  far  from  the  range.  For  pyro¬ 
electrics*  the  ZJTt  is  generally  selected  in  the  range  from  90/10  to  94.  5/5.  5.  So*  we  select  the 
Zr/Tt  as  94/6  and  Bi  is  doped  in  the  ingredinent*the  chemical  equation  is  Pb|Bii-((Zro.t4Tio.o«)0|. 
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The  experiment  procress  is  the  same  as  that  of  .  electric  ceramics.  The  PBZT  material 
must  be  sintered  in  the  PbO  atmosphere  due  to  the  PbO  evaporating.  It  is  polarized  in  the  120'C 
silica  oil  for  lOmin  at  5KV/mm  voltage.  The  measuring  results  (T  =  25‘C)  show  that  7  =8.  8X 
lO-'c/cm*  ♦  K,  e  ==200  and  tan8(lKHz)  =  2X10-\ 

3.  PBZT  INFRARED  DETECTOR 


The  PBZT  material  t  crose  section  being  3mm  X  3mm » is  polUhed  into  a  0.1mm  thickness 
slice.  The  01.  5mm  electrodes  are  evaporated  on  the  two  faces  0^  '  e  slice » the  front  electrode  is  a 
blank  Nl  film  that  can  raises  the  absorbance  for  incoming  radiation  and  the  back  electrode  is  a  Au 
film.  The  four  corners  of  the  slice  are  stuck  at  the  four  props  respectively  to  be  the  stucture  of  the 
without  substrate.  The  slice  is  stuck  on  a  quartz  glass  to  be  the  stucture  of  the  with  substrate, 
The  outer  casing  is  sealed  with  epoxy  resin.  The  Si  is  used  as  the  window  material.  Because  of  the 
high  resistivity  for  the  PBZT  material  t  it  is  necessary  for  the  impedance  matching  of  the  PBZT 
and  the  prepositive  amplifier. 

On  conditions  that  T  *=500K  and  /  “=10Hr»the  PBZT  infrared  detectors  are  measured.  The 
results  are  D*  —  5.7  X  10*cmHz‘''VW  for  the  without  substrate  detector  and  D*  =»  1.2  X 
10*cmHz‘''*/W  for  the  with  substrate  detector. 

4.  DISCUSSION 


Bi  is  a  kind  of  the  soft  additive.  The  amount  of  Bi  added  must  be  strictly  controled  (.x  ^ 
0.  01).  if  nott  tand  tan8  of  the  material  will  increase.  Adding  just  the  right  amount  Bi  may  com¬ 
pensate  the  electrons  loss  of  the  loseing  Pb  when  sintering* the  bulk  resistivity  of  the  material  will 
increase  fit  is  favorable  for  the  polarizeing. 

Because  the  without  substrate  stucture  may  avoid  the  h  'rmful  influence  of  the  substrate  such 
as  the  specific  heat  and  thermal  conductivity* its  detectivit  is  higher  than  that  of  the  with  sub¬ 
strate. 

The  PBZT  detector  can  be  used  in  not  only  the  general  radiation  detecting* but  also  the  pow¬ 
erful  radiation  measurement  such  laser.  The  experiment  has  shown  that  there  are  not  the  radia¬ 
tion  injury  and  the  rift  on  the  absorbing  face  of  the  detector  after  the  several  watts  radiating  of 
the  COj  laser. 
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Semi-chao(ic  pulse  effects 
in  self-modulating  Gunn  osdilators 

by  D-A-Robertson".  O.M.Smith“.  J.C.G.LesurP. 

N.R.Couch/*,  M.J.Keamey’ 

Abstract 

Self-modulation  behaviour  has  been  observed 
in  OaAs  Qunn  oscillators  operating  at  W-band,  leading 
to  nanosecond  pulses  of  relatively  high  peak  power. 
Pulse  repetition  rates  and  pulse-widths  can  be  varied 
reproducibly  as  a  function  of  bias  and  bias  termination, 
and  there  is  evidence  for  semi-chaotic  behaviour  in 
certain  regimes. 

Introduction 

"Bias  oscillations"  have  been  known  to  exist 
in  Ounn  diodes  operating  near  threshold  for  some  time 
and  have  generally  ^n  considered  undeifrable. 
Ferrite  beads  or  RC  networks  are  used  as  close  to  the 
cavity  as  possible  to  stop  them  and  the  devices  have 
usually  bMn  operated  at  higher  bias  levels  to  ensure 
coherent  output.  Jaskolski  k  Ishii  reported  relaxation 
oscillations,  associated  with  negative  resistance  at  low 
frequencies,  occurring  simultaneously  with  microwave 
output  in  OaAs.'  These  relaxation  oscillations  were 
shown  to  be  voltage-dependent  and  circuit- 
independent,  This  low  frequency  negative  resistance 
effect  has  been  exploited  to  produce  u,h.f.  Ounn 
oscillators^'-'  and  amplifiers.^ 

Novel  Ounn  diodes  designed  and  fabricated 
by  QBC-Marconi  Ltd.,  Hirst  Research  Centre  have 
exhibited  an  enhanced  tendency  to  such  effects,  These 
bias  oscillations  can  correspond  to  pulsed  output  of  the 
device  itself  ind  can  occur  for  a  range  of  voltages  well 
above  threshold.  Jaskolski  &  Ishii  have  reported 
similar  effecte  at  lOOHz.'  Here  we  are  reporting  large 
amplitude  relaxation  oscillations  with  very  fast  rise 
and  fall  times  which  can  exhibit  semi-chaotic 
behaviour. 


The  Ounn  oscillator  was  of  a  tunable  second 
harmonic  design  of  the  type  described  by  Carlstrdm  et 
al}  A  quasi-optical  meuurement  system  was  used 
which  ensured  electrical  isolation  between  source  and 
detector  and  permitted  the  use  of  a  free-space  ferrite 
circulator  to  isolate  the  oscillator  from  any  signal 
reflected  from  the  detector.  A  single  Schottky-bairier 
detector  was  used  to  observe  the  output  of  the 
oscillator.  The  detector  signal  was  then  monitored  on  a 
spectrum  analyser  and  a  fast  digiuil  storage 
oscilloscope  (dOSa/s  HP54720A).  Ihe  Ounn 
oscillator  was  fed  via  a  bias  tee  whose  r.f.  arm  was 
terminated  in  a  load  to  match  the  cable.  The  bios 
voltage  was  also  monitored  on  the  scope. 

Typically,  the  iihortest  oiif|nit  pulwn  obfitincd 


were  of  the  order  of  .^.5n8  long  with  a  I.Jns  risetime. 
The  pulse  repetition  rate  increased  with  increasing  bias 
over  a  wide  voltage  range  (typical  repetition  period: 
from  8(X)  to  ISOns  for  bias  of  3  to  5V)  beyond  which 
the  output  became  cw.  The  pulse  waveform  was 
observed  to  undergo  a  number  of  significant  changes 
as  bias  was  increased.  Single,  rq>etitive  pulses 
transformed  into  bunches  of  two,  three  or  more  pulses 
separated  by  longer  intervals.  At  higher  biu  levels  the 
output  re-formed  into  a  continuous  pulsetriin,  the 
praiod  of  which  decreased  with  bias,  At  voltages  just 
below  the  onset  of  cw  operation,  the  diode  produced 
bunts  of  pulses  separated  by  relatively  long  gaps.  The 
inter-bunt  gap  is  generally  voltage  dependent. 


Plg.l ;  Typical  3.3ns  pulse 


Pulse  shapes  were  a  (Unction  of  the 
termination  of  the  fUndantental  and  second  harmonic 
frequencies,  the  bias  volutge,  and  the  termination  of  the 
bias  line.  Three  main  effects  could  be  induced;  in 
addition  to  the  short  pulses,  broad  high  power 
rectangular  pulses  (typically  2(X)  to  SOOns  wide)  were 
commonly  seen,  as  were  rectangular  pulses  with  a 
larger,  sharp  spike  on  the  leading  edge.  Backshort 
position  ten^  to  tune  one  shape  into  another,  whereas 
choke  position  usually  caused  a  jump  between  narrow 
spikes  and  rectangular  pulses.  There  was  evidence  to 
suggest  a  large  frequency  sweep  which  caused  some  of 
the  variations  in  the  exact  shape  of  the  pulse.  As 
before,  the  interpulse  period  varied  with  bias  and 
multi-period  wavefonns  were  observed. 


Fig.2  ;  An  example  of  broad  pulses 


Monitoring  the  Qunn  diode  bias  line  showed 
very  large  voltage  excursions  (typically  2.0  to  2.3V) 
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correopondiiig  to  the  pulsed  output.  Typical  risetime 
and  pulsewidth  values  are  of  the  order  of  3.2n8  and 
9.0ns  respectively. 

It  was  found  that  the  bias  line  pulses  were 
largely  unaiYected  by  adjustment  of  the  oscillator's 
cavity  length  and  backshort  position,  and  were 
principally  controlled  via  the  bias  voltage. 

The  output  behaviour  was  dependent  on  the 
matching  circuit  used  in  the  oscillator  block.  This 
usually  includes  a  zener  diode,  to  prevent  over¬ 
biassing,  and  an  RC  snubber.  The  zener  undoubtedly 
plays  some  role  in  limiting  the  magnitude  of  the  bias 
pulse  but  it  was  removed  in  the  interests  of  simplifying 
the  circuit.  The  bias  tee  termination  and  the  50Q  pad 
on  the  scope  input  both  help  to  match  the  bias  circuit 
and  minmise  reflections. 

Different  bias  tee  terminations  were  found  to 
have  a  marked  effect  on  the  output  behaviour. 
Connecting  unterminated  lengths  of  cable  to  the  r.f. 
arm  of  the  bias  tee  produced  bunches  of  pulses,  with 
more  pulses  per  bunch  for  longer  cables.  Terminating 
the  cables  removed  this  effect.  Georly  the  bias  tine 
pulses  were  being  reflected  from  the  open-circuit  end 
of  the  cable  and  back  to  the  diode, 

Power  measurements  on  the  oscillator  were 
nude  with  both  a  thermal  detector  (average  power)  and 
a  fast  diode  detector  (peak  power),  Just  above 
threshold  the  peak  power  could  exceed  50mW  white 
the  average  power  amounted  to  less  than  O.SmW.  In 
general,  Ae  peak  power  remains  fairly  constant  with 
biu,  with  only  a  slight  drop-off  at  the  upper  and  tower 
limits  of  the  bias  range,  whilst  the  average  power 
increases  with  bias  voltage. 

The  periodicity  of  the  waveforms  was 
recorded  for  increasing  bias  and  the  periods  between 
pulses  calculated.  Plotting  period  against  bias  voltage 
shows  the  voltage-dependent  nature  of  the  pulses  and 
highlights  the  multi-period  effects  described  above.  A 
clear  bifurcation  is  visible  and  period-fi  behaviour  is 
indicated,  where  n  is  2,  3  ond  possibly  4.  The  pulses 
are  jittered  and  this  reduces  clarity  in  the  bifurcation 
diagram. 

BOO 


4 


Blit»  /voliN 

Fig. 3  :  Bifurcation  Diagram 


These  effects  are  strongly  suggestive  of  semi- 
chaotic  behaviour.  The  'burst'  type  of  output  observed 
at  higher  voltages  suggests  a  relaxation  oscillation,  in 
which  the  diode  suddenly  bursts  into  oscillation  for  a 
while  and  subsequently  switches  off. 

Similar  behaviour  in  Gunn  diodes  has  been 
described  in  numerical  computer  simulations  of 
nonlinear  models,* 

We  suggest  that  the  mechanism  involved  in 
producing  these  pulses  is  similar  to  that  described  in 
Ref.  I.  While  the  diode  is  oscillating  at  W-band  there 
is  also  significant  negative  resistance  at  lower 
frequencies.  When  suitably  biassed,  the  diode  also 
oscillates  at  low  frequency,  modulating  the  r.f,  output. 
The  fast  pulses  are  not  subject  to  the  thermal 
limitations  of  cw  operation,  so  the  peak  power  is 
relatively  higher  (typically  SOmW  as  opposed  to 
.30mW).  Further  work  is  needed  to  understand  this 
self-mr^ulation  behaviour  in  detail,  representing  as  it 
does  a  subtle  interaction  between  the  diode  and  its 
circuit  The  effect  seems  especially  pronounced, 
however,  for  Ounn  diodes  which  have  a  strong 
frequency-bias  dependence. 

This  work  was  supported  in  part  by  the  MOD 
Procurement  Executive,  sponsored  by  DRA  Malvern 
and  in  part  by  the  National  Physical  Laboratory, 
Malvern. 
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ABSTRACT 

In  this  paper  is  consldsrsd  a  new  approach  to  excitation  of  millimeter  noise 
oscillatloDs  with  man  power  about  som  watts  and  usingi  the  dynamic  properties  of 
backward  wave  oscillators.  A  low  quality  factor  oscillator  system  of  millimtsr 
wave  band  ara  used  for  increase  in  interaction  efficiency  and  decrease  in  working 
current.  Autooscillation  behaviors  of  a  BWT  ara  studied  and  a  min  oharactaristica 
of  the  excited  chaoti.c  oscillations  are  presented. 

i.iwrRQDUcnoM 

Dynamics  of  eleetron-^ave  oscillator  is  described  by  the  set  of  nonlinear 
intogral-dlfferantial  equations  in  partial  derivatives  which  have  no  analytical 
■oluticns.^  Numrical  Investigation  of  this  equations  shows  that  the  increasing  of 
the  working-currant  to  starting-current  ratio  (further  is  referred  as  paramtar  K) 
causes  the  change  of  autooscillation  regims  of  BWT.  Result  is  a  more  coiqplioated 
form  of  spectral  characteristics  of  the  oscillaticns.  At  K=30  oscillations  bacoos 
irregular  due  to  chaotic  anplituda  autoandulatlon.  ClMotlc  autoaedulation  is 
characterized  by  a  continuous  frequency  spectrum  concentrated  not  far  from  the 
fundamental  frequency.  Numrical  integration  of  this  aquations  is  connected  with 
great  difficulties.  Besides,  millimter  wave  band  is  characterized  by  a  large  enough 
values  of  the  elactromgnetio  field  losses  in  waveguide  structures  and  large  values 
of  the  space  charge  paramtar  of  tha  hig^  density  electron  beam  and  we  cannot 
neglected  these  factors  whan  we  create  out  numrical  slsulation.  This  elrcumtance 
makes  this  problem  nuch  Bora  complicated  and  that  is  why  the  experimental  research 
becomes  more  Important. 


ZiMW-RBrnwiwr  m 

Providing  of  great  values  of  K  in  millimter  wave  band  devices  is  very  difficult- 
problem.  One  of  the  ways  in  ths  solving  this  problem  is  the  Introducing  of  the 
reflections  at  the  slow-wave  structure  ends.*  Slow-wave  structure  with  low  values  of 
reflection  factor  from  its  ends  we  nam  as  weak-resonant  oscillatory  system.  Such 
system  with  a  large  electrical  length  are  used  for  exciting  of  the  chaotic 
oscillations  with  wide  axxl  uniform  spectrum.  Ths  quality  factor  of  ths  working  modes 
of  the  system  used  does  not  exceed  of  40.  The  system  Investigated  is  characterized 
by  two  paramters  and  its  dynamic  properties  are  determined  by  values  of  paramtar  K 
and  ths  cosiplex  reflection  coefficient  R  which  describes  the  efficiency  of  the 
additional  feedback.  Bxperimantal  results  are  given  for  K|  band  BWT. 

a.pgasiMsmAL  rksxts 

Wbak-reaonant  BWT's  (UBMT's)  era  ths  sources  with  electron  retuning  of  tha 
frequency  spectrum  of  the  oscillations  generated.  At  K>3  monochromtic  oscillations 
with  continuous  electron  retuning  of  ths  frequency'  within  the  band  of  12%  are 
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obaorved.  At  K>6  the  periodic  modulation  of  an  oscillation  amplitude  is  developed. 
The  satellite  frequencies  near  the  fundamental  oscillation  spectral  line  are 
appeared.  It  is  a  peculiarity  that  automodulation  appears  in  the  minimum  of  the 
oscillation  power  for  the  furidamental  oscillation  frequency  near  the  boundary  of 
the  resonant  zone.  The  frequency  of  the  aaplitude  modulation  can  be  clianged  within 
the  band  of  140-300tClz  by  the  changing  of  the  accelerating  voltage.  At  K>11  a 
regular  automodulation  becomes  quasi  periodic  one  with  equidistant  frequency 
spectrum.  Narrow  band  chaotic  oscillations  in  WBWI  are  observed  at  K=19.  Such  values 
of  K  are  less  than  corresponding  values  for  ordinary  BWT.  Wide  band  cl\aotic 
oscillations  with  A£/£s2-‘3l  (at  power  level  of  -lOdB)  are  observed  at  K=?0.  Electron 
retuning  of  the  mean  frequency  of  the  chaotic  oscillation  carrying  frequency  of  the 
weak-reeonant  BWT  is  discrete  due  to  the  strong  non-uniformity  of  the  interaction 
efficiency.  However,  the  band  of  ths  working  frequencies  is  exceeded  by  electron 
retuning  due  to  the  narrow  interval  of  the  acceleration  voltages  of  the  spectrum 
quantification. 

The  packaged  chaotic  (noise)  oscillation  sources  of  the  millimeter  wave  hand  are 
designed  with  using  weak-resonant  BWT.  Ths  sources  of  chaotic  signals  of  middle 
power  level  have  the  following  technical  epeciflcatlona 


Hasn  level  of  the  power  apectrum  density,  nW/MHs  5-10 

Spectrum  Width,  MHz 

at  power  level  (-3dB)  300 

at  power  level  (-lOdB)  800 

Electron  retuning  of  the  carrying  frequency,  %  10 

Steepness  of  electron  frequency  retuning,  MHz/V  4-10 

Cathode  voltage,  kV  2-4,5 

Cathode  current,  A  0,1-0,18 

CoosuRption  of  coolant,  1/h  100 

Mass  of  device  with  rare-earth  magneticsystem,  kg  9-12 


4.CQMCm5IQN 

Application  of  the  weak-resonant  BWT's  made  possible  to  increase  of  the 
interaction  efficiency.  Ths  results  is  the  dscraase  of  working-current  coiTesponding 
to  ths  excitation  of  ths  millimeter  chaotic  oscillations.  Packaged  middle  power 
chaotic  oscillators  based  on  the  using  of  WBWT  are  designed.  The  developed  sources 
of  mlllimstsr  wave  band  allow  to  design  radio  systems  for  solution  of  many 
scientific  and  technic  problems.  They  can  be  used  for  design  of  the  sensing  or  radar 
■yetems  with  high  electromagnetic  coRpatlbility,  correlation  and  non-coherence 
reflactometry  for  precision  dstermination  of  plasma  cut-off  layer  position  and  other 
radio  electronic  aystems  in  a  similar  way. 


S.REFRRgMCBS 

1.  B.P. Bezruchko,  L.V.Bulgskova,  S.P. Kuznecov,  D. I.Trubethkov, "  Experimental  and 
theoretical  investigation  of  BWT  chaotic  oscillatione, "  Radiotech,  and  Elactr., 
Vol. 28, pp. 1136-1142, June  1983, (In  Russian). 

2.  B.P. Efimov,  K. A. Lukin,  V.A.Rakityansky, "  About  a  transformation  of  the 
chaotic  OBcillation  spectrum,”  Journal  of  technical  physics,  Vol . 58,pp.2398" 
2400, December  1988, (in  Russian). 


129 


M7.1 


A  Dual  Channel 

Optically  Pumped  FIR  Laier  System 
For 

Plasma  Diagnostics 

BW  Davis  and  RS  Thomas 

Edinburgh  Instruments  Ltd 
Riccarton,  Edinburgh  EH14  4AP,  Scotland,  UK 

ABSTRACT 

A  dual  output  optically  pumped  FIR  laser  system  for  plasma  diagnostics  has  been  developed  and  operated  at 
I84um  and  433um.  Powers  in  excess  of  300mW  per  channel  have  boon  achieved  at  184um  with  amplitude 
stabilities  of  better  than  +/-  2  %,  The  two  FIR  output  beams  can  bo  tuned  to  provide  intermediate  difference 
fVoquencies  in  the  range  500kHz  to  1.5  MHz  with  stabilities  of  +/-  lOkHz.  The  system  and  test  results  will  bo 
presented. 


1.  INTRODUCTION 

The  use  of  optically  pumped  FIR  lasers  in  dual  beam  intorforomotor  systems  ibr  plasma  diagnostics  has  been 
well  documented  (1).  This  paper  describes  a  commercial  system  developed  for  the  COMPASS  Tokamak  in 
Culham  laboratories  (2)  and  for  similar  applications  in  Japan.  The  Edinburgh  Instruments  PL6  CO2  and 
395  Far  Infearod  (FIR)  lasers  form  the  basis  of  the  described  system. 


2.  LASER  SYSTEM 

Tlio  PL6  grating  tuned,  flowing  gas  CO2  laser  o]  orates  on  up  to  90  linos  over  the  9-1 1  urn  region  with 
continuous  wave  (cw)  powers  in  excess  of  ItiO  Watts  on  the  strongest  linos.  This  is  achieved  in  a  compact 
configuration  using  an  invar  stabilised,  folded  cavity  arrangement.  The  CO2  radiation  is  divided  into  two 
beams  of  near  equal  power  by  a  ZnSc  beamsplitter. 

The  semi-sealed  395  FIR  laser  is  a  dual  laser  witli  two  independent  1 .5  motor  long,  36mm  diameter  dielectric 
waveguides  with  plano/plano  optics  in  u  common  invar  stabilised  feamo.  Although  the  application  described 
only  required  operation  at  184um  and  433um  the  laser  system  can  bo  operated  over  the  range  40um  to 
1.22mm.  In  its  standard  configuration  the  laser  has  integral  water  cooling  of  both  optics  and  waveguides  to 
allow  efficient  pumping  with  high  power  cw  CO2  radiation. 

The  CO2  input  beams  are  focused  through  2.5mm  pinholes  centrally  located  in  each  of  the  input  mirrors.  FIR 
radiation  is  extracted  fl'om  specially  designed  dichroic  output  mirrors  which  arc  mounted  on  stopper  driven 
micrometer  stages.  Fine  adjustment  of  the  cavity  length  allows  the  difference  feoqucncy  (IF)  between  the  FIR 
outputs  to  bo  tunod  over  the  range  SOOkHz  to  1 .5MHz. 
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3.  POWER  STABILITY  AND  STABILISATION 

The  FIR  laser  has  been  operated  at  184um  (CH2F2),  with  cw  FIR  powers  in  excess  of  30()mW  per  channel, 
and  433um  (HCOOH)  with  5()mW  per  channel.  Long  term  amplitude  stability  measurements  have  been  made 
by  monitoring  both  channels  with  two  calibrated  thermopile  detectors.  Stability  runs  have  been  performed 
with,  and  without,  active  stabilisation. 

An  Edinburgh  Instruments  ALS-I  active  stabiliser  was  used  to  control  the  CO2  laser  power  to  produce  near 
maximum  FIR  output  power.  In  this,  a  mylar  beamsplitter  was  used  to  split  off  S%  of  the  FIR  power  from 
one  channel  of  the  FIR  laser.  This  signal  was  focused  and  chopped  before  being  incident  onto  a  pyrocleetric 
detector.  The  detector  output  was  then  fed  into  the  ALS-I  and  subsequently  the  stabiliser  controlled  the  PL6 
laser  by  adjusting  its  cavity  length  such  that  the  optimum  pumping  fhxjucncy  was  maintained. 

Measurements  over  many  hours  have  indicated  power  stabilities  of  better  than  +/-  2%.  Thus  by  actively 
stabilising  the  CO2  laser,  and  utilising  the  inherent  stability  of  the  FIR  laser,  hands  off  operation  for  many 
hours  can  be  achieved. 


4.  FREQUENCY  STABILITY 

As  described,  either  of  the  two  FIR  cavity  lengths  can  be  adjusted  to  provide  intermediate  diffbrcnco 
frequencies  (IF)  in  the  range  500kHz  to  I  SMHz.  The  FIR  laser  outputs  wore  mixed  in  wavelength  optimised 
comer  cube  Schottky  diode  detectors  and  the  detector  output  was  monitored  both  on  an  oscilloscope  and 
through  a  Frequency  to  Voltage  convertor  in  the  ALS*I  stabiliser.  This  enabled  stability  measurements  of  the 
beat  sigital  to  ^  recorded  for  various  IF  values. 

At  an  IF  of  I  MHz,  a  stability  of  +/•  lOkHz  over  60  seconds  has  been  observed  at  both  wavelengths.  Similar 
stabilities  have  been  measured  at  other  frequencies  in  the  500kHz  to  1  . 5MHz  region. 

5.  CONCLUSIONS 

A  simple  to  use  CO2  optically  pumped  dual  FIR  laser  system  has  been  developed  for  use  in  an  interferometer 
system  for  plasma  diagnostic  applications  in  Tokamaks.  The  system,  which  has  boon  operated  at  I84um  and 
433um,  has  been  shown  to  have  IF  stabilities  of +/-  lOkHzovcr  60  seconds,  with  power  stabilities  of  better 
than  +/-  2%. 
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l.Introduction 

Up  to  now,  a  high-power  optically-pumped  far-infrared  laser  system  has  been  developed^^j  and 
some  tasks  were  left  for  improving  it,  Here  the  results  of  the  improvements  in  the  characteristics 
are  shown,  that  is,  the  increase  ofoutput  power  by  optimizing  output  couplers  and  adding  buffer 

?;as,  absolute  fr^uency  stabilization  by  harmonic  mixing  the  laser  radiation  with  millimeter  wave 
rom  a  PLL’ed  Gunn  oscillator.  Results  of  application  of  this  laser  will  be  presented  too. 

2.1ncrea8e  of  Output  Power 

First,  optimization  of  output  couplers  was  done.  Dichroic  mirrors  with  aluminium  patterns 
and  dielectric  multilayers  on  Z-cut  substrates  were  fabricated  with  photolithographic  technique^). 
Four  types  of  mirrors,  that  is,  a  center-hole,  capacitive  mesh,  stripes  and  mixed  mesh  (  patterns 
to  increase  gradually  the  reflectance  from  the  center  to  the  edse  )  were  examined.  The  center-hole 
output  couplers  had  much  higher  output  than  capacitive  mesh  ones  and  the  mixed  mesh  mirrors 
with  adequate  parameters  had  the  highest  output.  The  threshold  for  mesh  miorrors,  which  yield 
good  beam  patterrn,  were  very  low.  For  stripe  mirrors,  it  was  very  difficult  to  get  strong  oscillations. 

From  a  practical  aspect  of  low  losa  thinner  substrates  yielded  more  power  than  thicker  ones 
and  substrates  1.5mm  thick  were  used.  Substrates  were  made  in  concave  shape  (RB:4m),  to  increase 
the  output. 

Next,  as  an  input  coupler,  offset-hole  mirror  was  used  instead  of  a  center-hole  one.  This  is 
not  related  to  the  increue  of  output  power,  however,  it  was  favorable  to  reduce  feedback  without 
using  complicated  polarizing  optical  components  and  to  decrease  threshold. 

Finally,  He  gas  was  added  as  a  buffer.  For  HCOOH,  the  increase  of  output  power  could  be 
observed  as  well  as  CHaOH®^  and  CHaF^^  For  CH3I  447/im  line,  however,  the  increase  was  not 
observed. 

The  results  obtained  with  these  improvements  above  are  summarized  in  Table  I.  The  output 
became  much  larger  (over  3-4  times  except  for  CH3OH  70.5pm)  than  that  obtained  before. 

S.Frequency  Stabilization  by  Use  of  Harmonic  Mixing 

To  obtain  better  frequency  stability,  absolute  frequency  stabilization  was  achieved  by  harmonic 
mixing  with  millimeter  wave  from  a  PLL’ed  Gunn  oscillator.  The  FIR  output  power  and  frequency 
measured  simultaneously,  when  the  stabilization  loop  was  not  closed  and  GOa  laser  frequency  was 
scanned,  are  shown  in  Fig.l  (  In  Fig.l^),  the  CO3  laser  power  when  it  was  not  introduced  into 
FIR  cavity,  are  shown  as  a  references.  The  results  show  that  FIR  frequency  depends  on  the  pump 
laser’s  frequency  a  little  (  about  4(J0kH^-,,  at  70-80W  pumping  )  through  AC  dynamic  Stark 
effect.  Roughly  speaking,  FIR  frequency  fluctuation  mainly  came  from  FIR  cavity  and  amplitude 
fluctuation  from  COa  laser. 

The  results  when  personal-computer  controlled  stabilization  loop  was  closed,  are  shown  in 
Fig.2.  In  the  figure  the  obtained  frequency  stability  was  ±20kHz  for  3kHz  resolution  bandwidth 
of  the  spectrum  analyzer. 
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Table  I.  Output  Power  Meaiurementi  for  CHjOH,  HCOOH  and  CH3I  lines 


Helium  Output 


with  He 


riFTiii 


a:  Cente^hole,10mln^ 

b:  M.Meshlacapaeitive  (gln200/im,  2alai80/tm  )  0^r<  7mm 
capacitive  (g2»200/im,  2a2M60pm  )  7£r<  lOmtn 
capacitive  (g3n200/im,  2a3»20/im  )  10^r<  13mm 


Deviation  of  Pump  Freqency 


Tim*  (Min.) 


Fig.l  Frequency  and  output  characteristics  Fig.2  Results  of  absolute  frequency  stabilization 
by  scanning  pump  frequency 
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Abstract 

Using  a  continuous  tunable  COa-Iaser  system  for  optical  pumping  a  far-infrared  laser  we  investi¬ 
gated  the  four  ammonia  gas  isotopes  **NH3,  and  '^NDa.  We  found  laser  emission 

via  stimulated  Raman  scattering  at  about  300  molecular  transitions  in  the  region  from  15  cm"^ 
to  more  than  200  cm“',  about  250  of  them  observed  for  the  first  time.  Thereby  photon  conversion 
coefficients  of  up  to  12  %  and  tuning  intervals  exceeding  3  cm~^  have  been  accieved. 

Introduction 

Ammonia  has  been  proved  to  be  one  of  the  most  powerful  laser  media  used  for  optical  pumping 
a  superradiant  far-infrared  (FIR)  laser.  High  photon  conversion  coefficients  and  the  generation 
of  tunable  FIR  radiation  via  stimulated  Raman  scattering  over  wide  tuning  intervals  have  been 
observed  [Ij.  In  this  work  we  report  optical  pumping  of  the  well  investigated  isotopes  and 

‘®NH3  but  furthermore  also  deuterated  ammonia  *^ND3  and  “NDs  have  been  pumped  for  the  first 
time. 

Experimental  setup 

Pump  radiation  was  generated  by  use  of  a  continuous  tunable  20  atm  COa-laser  [2]  consisting  of 
two  amplifying  stages;  optical  access  to  the  pump  volume  was  obtained  by  two  NaCl  Brewster 
windows.  The  resonator  was  built  by  a  concave  germanium  output  coupler  (reflectivity  »  0.7; 
radius  25  m)  and  a  150  1/mm  grating  in  Littrow  configuration.  Fi'equency  tuning  is  possible  in 
steps  of  1  GHz,  the  spectral  width  of  the  emitted  radiation  is  about  5  GHz.  The  emitted  pulses 
have  a  total  duration  of  about  300  ns  and  a  maximum  energy  of  250  mJ,  limited  by  the  damage 
threshold  of  the  NaCl  Brewster  windows.  For  wavelength  calibration  the  radiation  was  directed 
into  a  photoacoustic  cell  containing  '^CHsF,  which  has  well  known  absorption  lines.  The  FIR 
laser  consists  of  a  fused  quartz  waveguide  tube  (7  mni  diameter,  115  cm  length).  This  laser  is 
equipped  with  a  BaFj  entrance  and  a  TPX  (polymeric  4-methyl- 1-pencene)  output  window.  Since 
TPX  does  not  completely  absorb  the  COj-laser  radiation  an  additional  crystalline  quartz  plate  is 
mounted.  The  pulse  energies  of  the  emitted  FIR  radiation  were  determined  by  use  of  a  Golay  cell, 
energy  calibration  was  performed  with  a  pyroelectric  detector  (Molectron  P5-01).  To  measure  the 
FIR  frequency  we  used  a  scanning  Fabry-Perot  interferometer  consisting  of  two  copper  meshes 
(670  lines/inch)  with  a  stepwidth  of  1  fim  [3].  To  study  the  transient  behavior  of  the  FIR  Raman 
laser,  both  the  pulse  shapes  of  the  CO3  and  the  FIR  laser  were  detected  simultaneously  with  a 
pyroelectric  detector  (Molectron  P5-01).  Both  signals  were  recorded  with  a  dual  channel  digital 
sampling  oscilloscope  (bandwidth  500  MHz,  1  GSa/s). 
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Results 

At  all  investigated  animonia  isotopes  the  observed  absorption  signal  coincides  with  an  emission  of 
FIR  radiation,  therefore  the  identification  with  resonant  transitions  is  possible.  Because  of  the  high 
optimum  pressure  all  transitions  (except  of  cascade  transitions)  were  due  to  stimulated  Raman 
scattering  [3].  In  the  table  for  all  investigated  isotopes  the  number  of  observed  pump  frequency 
regions,  the  FIR  emission  lines,  the  assigned  transitions  and  the  number  of  laser  lines  observed  for 
the  first  time  is  listed.  For  nearly  every  FIR  emission  we  measured  the  frequency,  maximum  output 
power,  the  polarization  relative  to  the  pump  radiation  and  the  optimum  gas  pressure,  Calculating 
the  photon  conversion  coefficient  we  found  a  maximum  value  of  12%  using  as  laser  medium; 
a  similiar  value  has  been  observed  only  for  some  1/3R  tansitions  in  methylfiuoride.  One  of  the  most 
interesting  aim  of  our  investigations  was  the  generation  of  continuous  tunable  radiation  over  a  wide 
spectral  region  in  the  FIR.  We  observed  at  and  also  at  '“NHa  tuning  ranges  of  more  than 

3  cm''^  Due  to  the  nature  of  stimulated  Raman  scattering  this  wide  tuning  ranges  and  the 
corresponding  great  bandwidth  of  the  FIR  radiation  can  be  used  to  generate  ultrashort  pulses. 
Operating  the  COadaser  near  threshold  results  in  a  pump  pulse  with  strong  spiking  due  to  self 
modelocking;  this  pulse  structure  can  be  transformed  to  the  FIR.  We  measured  minimum  pulse 
durations  of  less  than  800  ps  corresponding  to  the  maximum  temporal  resolution  of  the  data 
recording  system.  Therefore  wc  conclude  the  FIR  pulses  to  be  even  shorter.  An  assignment  of 
the  FIR  emission  frequencies  using  '^NDa  laser  gas  was  not  possible  with  the  spectroscopic  data 
available  for  '^NDa.  As  it  is  well  known  in  literature  that  a  mixture  of  ‘^NHa  and  ’^NDa  delivers 
an  unexpected  high  concentration  of  both  ’^NHaD  and  ’‘‘NHDj  we  tried  to  assign  the  observed 
frequencies  with  the  spectroscopic  data  of  this  mixture  isotopes  and  found  a  good  coincidence. 
The  assignment  of  the  observed  laser  lines  was  not  possible  since  the  spectroscopic  data  of 
the  U4  s  1  states  are  not  available  yet. 


Isotope 

pump 

lines 

FIR 

emission 

EBB 

new  laser 
lines 

76 

72 

69 

43 

''ND3 

45 

4 

- 

- 

'^NHaD 

50 

50 

50 

50 

‘^NHDj 

22 

22 

22 

22 

‘«NH3 

46 

49 

33 

38 

‘“NDg 

100 

- 

100 

Table;  Synopsis  on  the  observed  laser  lines  in  ammonia 
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Synchronization  effects  in  broadband  FIR  Raman  scattering  in  NH3 
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ABSIBACr 

dy  using  a  short  pulse  broad  band  ( ><•2  GHz)  CO2  leser  around  a  single  well  detuned  line  ( 15  GHz) ,  it  is 
pouible  to  analyze,  with  sub-ns  resolution , the  dynamics  of  a  broadband  FIR  Raman  scattering 

MNTRQaUCTlQN 

The  resonant  Raman  scattering  from  a  lof\g  pulse  ( much  larger  than  the  Raman  cell  transit  time  T )  single  mode 
pump  hu  been  extensively  analysed^.  The  off  resonant  Raman  component  becomes  dominant  upon  the  optical 
pumped  entission  (OP), after  a  small  time  (  -  T)  specially  at  larger  pressures  when  the  delay  of  the 
supe^uorescent  OP  becomes  smaller  than  the  pump  pulaewidth  ( Tp).  The  experimental  results  are  largely 

affected  by  cavity  effects  (  window  reflections  >  10*^  have  an  important  role)  ,easoade  processes,  and  in  sonte 
cases  four  wave  mixing  (FWM)2  anbeobserved. 

When  a  multimode  short  pulse  <  Tp  comparable  with  T )  pump  is  used  ,the  process  is  dnsdcally  modified  .  In 
this  work  we  report  sonte  interesting  results  obtained  in  this  configuration .  To  simplified  the  experiment  a 
well  detuned  (D«15GHz)  single  line  system  (sR(3,0)  NH3  line )  with  90^m  emission  is  used  .In  general  the 

direct  cascade  emission  is  not  observed  On  the  contrary  a  cascade  FIR  in  the  fundamental  vibrational  level 
can  be  observed  under  strong  FWM  but  generally  more  than  the  80%  of  the  FIR  energy  is  at  90  pm .  In 
broadband  multimode  Raman  scattering  with  mode’locked  pump  peaks  ( -  03ns  width)  4he  usual  equilibrium 
condldon  (  dephasing  time  t  much  larger  than  the  Raman  conversion  time  )  is  not  satisfied,  giving  an  OP 
dominance,  but  in  this  case  the  Raman  backward  and  forward  degeneration  is  removed  And,  when  we 
operate  in  a  quasl<avity  condition  the  OP  and  FWM  thresholds  are  Increasad 

2.EXPERIMENT  AND  RESULTC 

The  broadbend  CO2  laser  (  -200mJ  (KSns)  and  the  FIR  design  has  been  previously  reported  ^  .A  23m  FIR  cell 
(Ta83ns)  is  used  .The  emitted  FIR  and  residual  pump  pulses  ate  separated  by  a  a  Quartz  Brewster  window  and 
detected  by  aSb^  and  PbSe  ^  room  temperature  photon  drag  (PD)  films  respectively .  While  the  scope  pulse 
limit  ( 0.7ns )  is  reached  by  all  the  PbSe  PD ,  the  Sb  films  show  different  response  tlmM  and  responsivilies  .  The 
faster  PD  show  sometimes  0.7ns  FWHM  pulses  so  that  we  can  manure  the  FIR  source  spike  widths  which  are 
generally  larger  than  the  corresponding  pump  spikes.  The  synchronization  is  measured  to  be  better  than  Ins.  As 
input  window  .aligned  (AL)  or  Brewster  angle  (BW)  BaF2  windows  are  used  .This  choice  has  a  large 

importance  on  the  FIR  emission^.  When  the  A1  configuration  is  used  the  Raman  threshold  is  lowered  due  to 
Backward  gain  conuibutlon .  A  typical  single  spike  Raman  HR  (f)  emiuion  is  reported  in  fig  I . 


Fig  1:  .9P20  FIR  emission  (f)  and  the  residual  Fig2i  9P20  FIR  emission  (f)  and  the  residual 

pump(p) .  Time  scale  alOns  .(see  text )  pump(p) .  Time  scale  aSns  .(see  text ) 
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Th<3  (p)  trace  (sign  reversed)  is  the  residual  pump  pulse .  The  single  FIR  spike  is  synchronous  with  a  pump  spike 
depletion.  That  means  a  cooperative  effect  of  all  the  pump  modes  to  the  Raman  scattering  which  is  foreseen  in 
broad  band  forward  scattering  The  FIR  spike  width  is  generally  larger  than  tlie  pump  one.  This  fact  can  be 
attributed  to  the  backward  i^man  gain  contribution  to  FIR  pulse  building-up  .Back  scattering  operates 
essentially  on  the  strongest  CO2  mode  .so  that  it  leads  to  a  FIR  frequency  narrowing  respect  to  the  pump.  This 
fact  is  confirmed  in  fig  2  at  a  larger  pump  power  when  a  sequence  of  FIR  synchronous  Raman  pulses  are 
detected.  The  widths  are  ranging  from  0.8ns  (right  )  to  3ns  (left  )  showing  the  active  cavity  spectral 
narrowing  .  Also  the  Fourier  spectrum  (FS)  of  the  residual  pump  pulse  are  showing  that  the  Raman  scattering 
is  producing  an  hole  in  the  pump  spectral  distribution.  In  Hg  3a  is  reported  the  FS  of  the  pump  left  part  of  fig 
2  ( respect  to  the  FIR  onset )  .We  can  see  that  the  mode  beatings  (-200MHz)  are  inside  the  scope  bandwidth 
(-500MHz .  dashed  line).  On  the  contrary  in  fig  3b  is  reported  the  FS  of  the  residual  pump  right  part  coincident 
with  the  FIR  emission,  and  we  can  see  that  the  Raman  scattering  modifies  the  pump  spectral  distribution  also 
for  DalSGHz  much  larger  than  the  pump  linewidth  L-  2GHz. 


fig3:  Fourier  spectrum  of  different  p  parts  FIg4!  9R 16, FIR  emission  (I)  and  residual  pump  (p). 

of  fig  2  ( scale«250MHz).(See  text)  Time  scale  "lOns .  (see  text) 

The  same  results  can  be  observed  around  the  nearly  coincident  9R16  transition  (D*!  .3GHz  <L) .  In  fig  4  is 
reported  the  emitted  FIR  ( f)  and  residual  pump  (p)  .We  can  see  than  the  emission  is  essentially  synchronised  ( 
Raman  -like)  with  spike  width  ranging  from  0.7ns  ( signal  beginning)  to  3ns  at  the  end.  Also  the  p  spikes  are 
modified  and  enlarged  to  2ns,  showing  the  mode  filtering  due  to  the  resonant  absorption .  By  using  a  BR 
configuration  the  FIR  modulation  is  reduced  showing  that  in  a  single  transit  the  Raman  dominance  is  reduced. 
By  Increasing  the  pump  power  density  up  to  the  optical  breakdown ,  noFWM  MIR  emission  is  observed. 
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ABSTRACT 

A  reduced  density  matrix  model  it''  resonant  two-colour,  tlvee-photon  Ionization,  using  a  combination  of  pulsed  and 
cw  tunable  losers,  Is  presented.  A  cw-IR  laser  Is  used  for  the  intermediate  excitation  step.  Actual  laser  and  atomic  parameters 
ore  Included,  and  Doppler  broadening  is  taken  into  account. 

1.  INTRODUCTION. 

A  number  of  different  schemes  for  RIS/RIMS  experiments  of  Iron  atoms  ore  found  In  the  literature.  The  most  popular 
approach  Is  a  one-colour  two-photon  scheme,  Involving  excitation  to  a  resonant  state  by  the  Hrst  photon,  follow^  by 
photoionisation  by  a  second  photon  of  the  some  colour  ((a,.f(0,).  The  initial  state  in  the  scheme  is  usually  one  of  the  e'D 
ground  state  sublevels,  while  the  Intermediate,  resonantly  excited  level  belongs  to  a  manifold  of  states,  namely  y'P\  y'D*, 
I'O*,  z’O*,  i^P*  (Salomon,  1990  and  references  therein).  Two  further  resonance  schemes  con  be  realized,  namely  two-colour 
two-photon  ((Oi-fOt),  and  one-colour  three-photon  (2(a,-f(i)|)  processes.  The  main  advantage  of  two-photon,  two-colour 
RIS^IMS  arises  from  the  fact  that  the  ionisation  step  con  be  optimized,  which  may  result  in  larger  Ionisation  cross-sections, 
for  example  Ionisation  via  an  autoionlslng  state. 

The  rich  spectrum  of  iron,  and  many  other  elements,  makes  It  feasible  to  devise  further  uselUl  schemes  which  may 
have,  for  example,  better  selectivity,  or  larger  cross-sections  for  the  ionisation  step.  The  one  we  diiouii  in  this  paper  could 
be  referred  to  as  (0i't-(0i-t-0)|,  with  on  IR  diode  laser  used  for  the  second  step.  The  third  photon,  (i)},  need  not  necessarily  be 
different  from  either  (Oi  or  o),  but  could  be  either  of  them,  depending  on  the  energy  level  structure.  Advantages  of  this  scheme 
will  be  that  with  a  diode  laser  of  very  narrow  banwldth  fine  details  in  the  excitation  con  be  explored,  and  possible  use  can 
be  made  of  dc  field  or  autoionisation  for  the  ionisation  step.  However,  an  obvious  problem  for  the  experimental 
Implementation  may  be  the  relatively  low  power  provided 
by  standard  diode  lasers. 

The  main  goal  of  this  paper  is  to  consider  the 
proposed  scheme  theoretically;  the  related  experiments  are 
Just  being  implemented  in  this  laboratory.  The  numerical 
simulation  makes  use  of  the  density  matrix  formalism,  with 
the  actual  laser  and  atomic  parameters  Included  in  the 
calculations. 

2.  THEORY. 

A  partial  energy  level  diagram  of  iron  for  the 
scheme  is  shown  in  Pig.l.  In  particular,  the  a'D^ 
level  is  the  initial  (ground)  state,  level  y'Pt*  is  the  first 
intermediate  state,  and  levels  s'P,,  f  D„  s’P^,  1*04  or  e'D, 
will  be  those  from  which  ionisation  will  take  place.  Several 
ionlutlon  paths  ore  conceivable;  photoionisation, colllsional 
ionisation  or  the  ionisation  by  a  dc  electric  field.  The  actual  Figure  1.  Partial  energy  level  diagram  for  RIS/RIMS  of 

magnitude  of  the  ion  signal  will  depend  to  a  great  extent  on  Iron  (energy  spacing  not  to  scale). 
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the  ionisation  method.  However,  ail  final  results  for  ion  yields  will  be  strongly  determined  by  the  excitation  of  the  third  level 
(e-/-  manifold).  In  the  present  work  we  do  not  consider  in  detail  the  actual  ionisation  processes  (photoionisation,  field 
ionisation,  etc.). 

In  addition  to  the  l-f-lH-I  ionisation  routes  there  will  also  be  ionisation  out  of  the  first  intermediate  state  (i.e.  y'P,‘)  Since 
this  level  is  more  then  half-way  to  the  ionisation  limit,  E,,  the  related  signal  is  associated  with  one-colour  two-photon 
resonance  ionisation  which  may  dominate  if  the  UV  radiation  field  is  strong. 

We  use  the  density  matrix  approach  for  the  theoretical  description  of  the  system;  this  incorporates  solving  the  stochastic 
Liouville  equation 

Of  n 

which  is  modified  by  including  experimental  laser  and  atomic  parameters  to  define  the  operators  V  and  f.  lliese  operators 
represent  the  interaction  of  the  system  with  laser  fields  and  its  spontaneous  decay. 

Just  a  few  assumptions  are  made  which,  on  the  other  hand,  do  not  grocely  affect  the  generality  of  the  probiem  formulation. 
Pirstiy,  the  time  constants  of  the  decay  of  corresponding  density  matrix  elements  at  the  frequencies  of  laser  fields  are  taken 
to  be  equal  to  the  coherence  time  of  the  laser  fields,  that  is  t  >  l/aco,  where  aco  is  the  spectral  width  of  the  laser  radiation 
field  (Agostini  *t  al,  1978).  Secondly,  we  neglect  collisions,  and  hence  colllsional  broadening,  due  to  the  very  low  density 
of  the  atoms  encounted  under  ordinary  operating  conditions  for  RIS/RIMS  experiments  (10"  cm  ’).  Thirdly,  Doppler 
broadening  is  taken  into  accoun*  by  integrating  the  ionisation  signal  over  the  velocity  distribution. 

The  utilization  of  pulsed  and  c  ^  trs  in  the  same  scheme  requires  to  fully  solve  the  system  of  time-dependent  differential 
equations  (1). 

In  our  approach  we  consider  a  system  of  three  descroto  energy  levels,  each  of  them  with  degeneracy  IJ'fl.  In  this  way  a 
variation  of  excitation  conditions  of  M-substatos  may  be  taken  into  account.  The  dependence  of  the  dipole  transition  moment 
on  IVf  leads  to  a  variation  in  the  saturation  intensity,  and  to  a  variation  in  the  probability  of  two-photon  processes.  The  laser 
fields  are  assumed  to  be  linear  polarised,  with  their  polarisation  vectors  being  parallel  to  each  other,  This  reflects  the  real 
situation  encountered  In  the  majority  of  experiments;  also  it  allows  us  to  simplify  the  modelling  to  the  case  of  AM>0.  For 
the  simulation  of  interaction  with  non-parallel  polarized  fields  AMa^i  tronsltlons  have  to  be  added;  the  related  numerical 
model  becomes  much  more  complicated  (see  e.g.  Batanov  «t  al,  1992  and  references  therein). 

For  solving  the  Liouville  equation  (1)  for  the  throe  level  system  we  use  a  rotating  wave  approximation,  with  the  following 
notations:  pnaPu,  PgaRy+lg.  The  system  of  differential  equations  can  be  considered  as  being  the  general  form 

of  equations  similar  to  those  deduced  by  Murrey  tt  at,  1990;  they  in  turn  use  the  results  of  the  quantum-electrodynsunic 
description  of  resonant  laser  -  atom  Interaction  given  by  Parrel  «t  at,  1988. 

In  the  calculations  presented  here  we  limit  our  consideration  to  the  case  of  T,-  and  Tj-type  relaxations.  This  approach  is 
reasonable,  following  the  investigations  of  Shore  (Shore,  1984)  and  Vogel  and  co-workers  (Vogel  it  at,  1983).  In  short,  they 
introduced  new  relaxation  times  for  the  off-diagonal  density  matrix  elements.  This  follows  their  finding  that  phase-jump  field 
fluctuations  result  only  in  Tj-typo  relaxation.  Fluctuations  of  other  parameters  can  load  to  the  change  in  relaxation  terms  for 
off-diagonal  density  matrix  elements  (Ti)  as  well  as  fur  the  diagonal  (T,).  Wo  take  these  times  as  variable  parameters  in  our 
simulation.  While  this  assumption  is  often  a  good  approximation  it  should  be  pointed  out  that  further  Investigation  of 
temporal  laser  characteristics  is  required  if  possible  pump  light  fluctuations  were  to  be  properly  incorporated  into  the 
Liouville  equation.  Accordingly,  our  system  of  differential  equations  is  given  by 

dt 

In  this  equation  one  has 


Put  Ptn  Pit,  /jji  ^si*  *ij»  Al*  P^t  As  ) 

with  Igand  Rg  representing  the  real  and  Imaginary  parts  of  the  off-diagonal  density  matrix  elements,  Pg  being  the  level 
populations,  and  A  given  by 
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where  are  the  radiative  decay  probabiiltiei  from  aubitate  IP«M>  to  |oc,M>;  a,  y  are  tho  detuningi  of  tho  flrit  and  lecond 
laseri  fleldi  from  the  cotreiponding  resonances;  w„a  w„> 

W||aw,|/2,  w„«(w„'fw„)/2-t-l/‘C,i  Xf  and  t,  are  the  inverted  half>widths  of  the  dye  and  diode  laser  lines,  respectively. 


3.  RESULTS  AND  DISCUSSION. 


In  our  modelling  we  use  the  iron  spectroscopic  data  recently  published  (OBrian  $t  al,  1991).  Two  results  are 
presented:  the  position  of  the  ionisation  maxima,  as  a  function  of  UV  and  IR  detunings  from  the  corresponding  resonances 
(ao'cailed  "edge  curves",  which  follow  the  peaks  of  the  three«dimenslonal  spectrum);  and  the  spectrum  of  level  3  excitation, 
as  a  f\mctlon  of  IR  detuning  while  the  UV  Is  in  resonance  with  the  first  transition. 

First,  we  consider  one  of  the  characteristics  of  excitation  processes  •  the  so  called  "edge-curves"  of  the  maximum 
value  of  P]t.  For  the  steady-state 

solution  of  (2)  it  is  defined  by  20  . i  - 1 . — i .  n|j  .  _ _ , - 

minlmliatlon  of  the  determinant  | 

d  of  the  right  bottom  submatrix  i 11 

of  size  4x4  of  matrix  A  (4).  Tho  I 

explicit  expression  for  tho  edge  IW 

curves  is  given  by:  n  \\\ 


where  x*  and  y  are  the  UV  and 
IR  detunings  from  the  resonance 
frequency. 

Typical  "edge-curves" 
for  different  values  of  M  are 
shown  in  Figure  2.  Bach  pair  of 
symmeuical  curves  corresponds 
to  a  particular  value  of  M.  The 
actual  splitting  picture  of  the 
edge  curves  will  depend  on  the 
type  of  the  transitions  •  P-,  Q-  or 
R-type.  The  ac  Stark  splitting, 
and  hence  the  splitting  in  Figure 


■20  -15  -10  -5  0  5  10  15  20 

IR  detuning,  OHz 

PIgurs  2.  Edge  curves  for  the  maximum  population  of  level  3,  ae  a  function  of  laser 
detunlngs  from  the  resonances. 
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2,  Increaies  with  elevated  UV  0.004  ■  ■  —  -  -  •  . i - - 

power.  On  the  other  hand, 

Doppler  broadening  tnakei  tills 
splitting  less  pronounced. 

Figure  3  presents  this  0  003 

effect  of  Doppler  broadening, 
which  cannot  be  avoided  in  any  g 
real  experimental  set-up,  on  the 
resulting  population  of  level  3.  '1  -  ^ 

"mere  is  a  distinct  difference  g  0.002 

between  oo-  and  counter-  ^ 

propagating  laser  beams.  One 

can  see  that  the  maximum  of  co-  ^ 

propogating  waves  takes  place  0.001  '  I 

when  both  fields  are  In  {  3  i 

resonance,  but  there  is  a  distinct  1  2 

ac  splitting  for  the  counter-  ■  ./|  /  /  \  ||,  j 

propogating  waves,  as  weil  as  a  0 

considerably  higher  maximum  6635.5  6635.6 

value  of  level  excitation.  The  jR  wavelength,  Angstrom 

results  presented  in  Figure  3 

were  oaloullted  for  a  rectangular  pigure  3.  Rxdted  level  population  spectrum.  1  •  no  Doppler  broadi 
UV  pulse.  In  real  experiments,  3  .  counter-propagating  UV  and  IR  laser  beams.  UV-IMW/cm*,  1 
the  temporal  evolution  of  the 
laser  pulse  is  not  reoutngular, 

The  necessary  modifications  to  take  this  into  acount  in  our  modelling  are  currently  being  Implemented. 


0.002 


^  0.001 


0  ^ 

6635.5 


v±,.lk-’ 


6635.6 

IR  wavelength,  Angstrom 


6635.7 


Figure  3.  Rxdted  level  population  spectrum.  1  •  no  Doppler  broadening,  2  -  co-,  and 
3  •  counter-propagating  UV  and  IR  laser  beams.  UV-IMW/cm',  IR-lOmW/cm'. 
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TUNING  AND  SPECTRA  FEATURES  OF  CONTINUOUSLY  TUNABLE  CH,F  RAMAN 

LASER. 

VA.Batanov,  A.O.Radk«vich,  ALJtlyatnikov 

Instilult  of  Physics  and  Technology  of  Russian  Academy  of 
Sciences,  Krasikova  25A,  Moscow,  Russia,  117218 

There  are  a  lot  of  experimental  and  theoretical  papers  concerning  the  description  of  spectral  and  energetic  properties 
of  tunable,  pulsed,  optically  pumped  PIR  lasers,  based  on  the  density  matrix  approach.  It  was  shown  /!/  that  3-  and  4-level 
models  cannot  adequately  describe  all  the  processes  which  take  place  In  the  active  laser  medium, 

Previously  /!/  we  considered  In  detail  the  theoretical  model  based  on  the  (5-level  appioach.  But  the  results  of 
calculations  were  confined  to  the  case  when  only  the  R  absorption  branch  of  CH,F  was  pumped.  Now  we  are  going  to 
expand  the  results  of  the  calculations  to  the  case  of  P-  and  Q-branches,  as  well  as  to  four-photon  parametric  MIR  emission. 
lYie  six  level  scheme  used  in  this  paper  and  resulting  system  of  equations  were  described  In  detail  In  /!/.  The  multilevel 
system  includes  3  levels  of  the  ground  vibrational  state  and  3  levels  of  the  exited  state  with  succeslve  quantum  numbers  of 
J'<1,  J  and  1.  The  system  of  equations  was  solved  numerically. 

As  an  example  two  cases  of  CH,F  P-branch  pumping,  for  small  (J«I2)  and  large  (J«3.'5)  values  of  the  routlonal 
quantum  number  J,  are  presented  here. 


Figure  1,  FIR  small  signal  gain  spsctra  for  pump  tuning  In  the  frequancy  range  Qll-QlS  transitions.  (X  -  pump, 
Y  •  FIR  offlists.  Pump  Intensity  •  10MW/cm‘,  pressure  •  20  Torr). 


A  two-dimensional  PIR  gain  spectrum  for  J* 1 2  Is  given  in  PIg.l.  It  has  essential  difference  from  that  In  the  case 
of  R-branoh  pumping,  presentad  In  /!/,  because  gain  regions  are  formed  only  by  two  Raman  processes,  which  take  place  at 
levels  3-S-4  (the  corresponding  edge  are  marked  A  and  B)  and  3>2-4  (marked  C  and  D).  These  Ramon  processes  form  a 
double  Raman  process  (DRP).  There  Is  a  large  number  of  gain  depressions  in  the  gain  curve,  which  are  caused  by  the 
absorption  processes,  which  take  place  In  this  scheme.  These  absorption  processes  are:  strong  one-photon  absorption  at  the 
transitions  2-1  (the  valley  marked  B)  and  3-2  (F);  weak  absorption  at  the  transitions  S-4  and  6-S;  four  two-photon  IR-PIR 
absorption  processes,  which  correspond  to  the  following  groups  of  levels  2-4-S  (G  and  H  valleys),  1-2-4  (U),  3-5-6  (K,L), 
2-3-5  (M,N). 

In  contrast  to  the  case  of  a  weak  FIR  signal  new  absorption  processes  appear  which  result  In  the  appearance  of  new 
valleys  in  the  gain  curve  due  to  the  Increase  of  the  PlR  intensity.  A  numerical  simulation  of  the  gain  spectrum  for  the  case 
of  strong  PIR  and  pump  fields  along  Ihe  DRP  gain  line  was  made.  The  letters  A-E  in  Plg.2a  correspond  to  different 
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Plgurt  2.  Gain  proflltii  along  th«  tuning  curva  for  tha  tuning  of  tha  pump  Hald  in  tha  frtqutncy  ranga  of  P12> 
P13(a)  and  P3S>P3<S  (b)  traniltiona. 

absorption  processes!  A  and  B  •  one-photon  absorption  at  the  transitions  2-1  and  e>S;  C  and  D  •  two-photon  IR-PIR 
absorption  6‘S>3  and  4-2-1 ;  E  -  doubled  two-photon  absorption  at  the  transitions  S-4-2  and  S-3-2. 

With  the  Increase  of  FIR  intensity  I,  three-photon  processes  appear,  each  pair  of  them  corresponding  to  one  dip  in 
the  curve  in  PIg.l.  F  denotes  the  absoiptlun  maxima,  which  corresponds  to  the  three-photon  absorption  processes  at  the 
transitions  6-3-3-2  and  6-S-4-1,  and  G  at  the  transitions  S-4-2-1  and  S-3-3-1.  The  Intensity  of  these  processes  grows  with  the 
IncreaM  of  FIR  field  Intensity  I,.  Simultaneously  with  the  Increase  of  I,  the  role  of  the  ground  vibrational  two-photon  FIR 
absorption  grows.  1116  FIR  frequency  of  this  process  coincides  with  the  two-photon  IR-FIR  absorption  designated  as  D, 

The  spectrum  analogous  to  that  in  Flg.2a  but  calculated  for  CH}F  P-branch  pumping  of  the  transition  with  Ja3S 
Is  shown  in  Plg.2b.  There  Is  a  sharp  fall  In  the  gain  with  the  Increase  of  pump  detuning  from  the  resonance,  and  what's  more 
the  gain  for  large  detunings,  unlike  that  In  Plg.2a,  remains  smaller  than  in  the  resonance  case  oven  for  high  values  of  1,.  The 
role  of  three-photon  absorption  processes  (F  and  G)  Is  negligible  because  of  the  larger  difference  between  the  frequency  of 
corresponding  FIR  transitions.  At  the  same  time  two-photon  absorption  remains  strong. 

The  analysis  of  the  above  spectra  leads  to  the  conclusion  Uiat  in  the  case  of  P-branch  pumping  the  only  sufficient 
three-photon  processes  are  those  of  absorption,  which  lead  to  a  smaller  gain,  Three-photon  gain  processes  do  not  Intersect 
the  gain  curve  (for  small  detunings),  as  took  place  for  R-branch  pumping,  that  Is  why  their  effect  in  cose  of  P-branch 
pumping  is  negligible.  However,  calculations  showed  that  even  under  moderate  pump  intensities,  of  about  10  MW/cm\  one 
can  obtain  continuous  tuning  of  the  output  FIR  emission  for  pump  dotunlngs  up  to  20-2S  OHr.  (P-branch  transitions  with 
J«12-20)  with  several  narrow  dips  on  the  tuning  curve,  and  for  detunings  up  to  12-14  OHr.  (transitions  with  Jb30-33).  This 
can  be  achieved  using  cavities  with  large  optical  paths  (10  metres  or  more)  and  by  diminishing  the  active  pressure  medium. 

This  Is  not  the  case  when  pumping  Q-branch  transitions.  The  spectrum  in  this  case  (FIg.lb)  is  a  series  of  sharp 
spikes  which  makes  it  Impossible  to  obtain  FIR  generation  for  pump  offsets  more  than  2-3  OHz. 

Numerous  calculations  wore  also  made  for  four-photon  parametric  MIR  emission  generated  under  R-branch  pumping 
of  CH,F.  These  results  will  also  bo  discussed. 
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Iheoretlcal  studying  of  the  laser  beam  spatial  structure  evolution  la  a  vary 
difficult  problem.  Ihs  matter  la  that  the  oomplex  nonlinear  processes  of  the  laser 
beam  generation,  propagation  and  diffraction  take  place  slnuiltaneously.  Therefore, 
tha  spatial  mode  analysis  used  for  empty  resonators  is  too  complicated  In  case  of 
real  laser  systems,  especially  powerful  and  non-steady-state  ones,  since  a  great 
nuabar  of  modes  needs  to  be  considered,  and  the  developing  processes  of  the  mode 
Interactions  and  beam  structure  transformations  should  be  calculated.  The  direct 
computer  sinyilatlon  of  the  proeeas  by  msanm  of  exact  numerical  solution  of  both  the 
nonlinear  wave  equations  and  the  level  population  kinetic  equations  Is  also  glooay 
because  of  complexity  of  the  partial  differential  equations  and  significant 
durability  of  the  whole  process  when  compared  to  the  time  of  a  single  pass  of  the 
light  In  a  resonator.  Taking  it  Into  account,  we  have  developed  a  new  approach 
for  salf-conalstant  computer  slaulation  of  the  nonlinear  laser  beam  spatial 
structure  evolution  which  la  applicable  for  a  wide  range  of  real  laser  systems 
including  various  Infrared  lasers,  and  whldti  is  easy  to  use  in  practice. 


liJ 


OF  SIMULATION 


The  approach  Is  based  on  implication  of  the  Somnsrf eld's  Integral  which  gives  the 
solution  to  the  linear  wave  equation  In  case  of  spatially  restricted  monochromatic 
field  propagating  In  an  open  resonator^  .  In  order  to  account  for  nonlinear  and 
nDn-ateady-state  processes  taking  place  In  an  active  medium,  regular  small  correcti¬ 
ons  are  made  to  this  field  on  every  pass  or  some  part  of  the  pass  of  the  wave  along 
the  resonator.  These  local  corrections  are  made  to  both  the  amplitude  and  the  phase 
of  the  wave  to  describe  Inhomogeneous  aapllfioatlon  and  refraction  of  the  wave  field 
In  the  amdlum.  They  are  calculated  self-conaistently  depending  on  both  the  field  and 
the  medium  state,  and  on  the  external  factors  such  as  the  given  non-uniform  pulse 
pumping.  The  calculation  Includes  simultaneous  solution  of  the  kinetic  equations  for 
the  quantum  level  populations  Nj(p,ti)  which  are  the  functlcns  of  the  discrete  time 
tj,  and  the  transverse  coordinates  x,y  ,  or  radius-vector  p  in  case  of  the  axial 
synsstry.  The  computational  procedure  described  Is  valid  under  the  assunptlon  that 
all  the  nonlinear Itlea  and  Inhomogeneltles  are  small  and  amooth  to  provide 
msall  field  transformations  on  a  single  pass  of  the  wave  in  a  resonator  but  to 
result  In  a  significant  affect  after  mans’  passes  during  the  period  of  tine  being  of 
Interest. 


a.  agSlCAL  MBP8L 

To  demonstrate  the  possibilities  of  the  approach,  we  have  considered  the  case  of 
a  laser  system  of  axial  synnetry  with  optical  pulse  pumping.  In  this  case,  owing 
to  excitation  of  the  active  medium  through  It  lateral  surface,  the  main  part  of  the 
energy  pumped  Into  the  system  would  be  absorbed  either  near  the  surface  or  near  the 
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axle  «fhich  depends  cxa  the  relation  between  the  puiqpino  energy  absorption  length  L 
and  the  active  medium  container  radius  R  .  If  the  refractive  index  decreases  with 
the  tenperature  increasing,  the  active  medium  becomes  focusing  or  defocusing  cne 
depending  on  the  condition  L  <  R  or  L  >  R  ,  respectively.  Iha  refractive  index 
variations  are  usually  small  and  alow,  so  the  field  transformetions  for  any  pass  of 
the  wave  in  a  resonator  are  also  small  enough.  However,  since  the  changes  are  taken 
into  account  for  any  moment  of  time  considered,  this  results  in  a  continuous  field 
restruction  during  the  vdnle  process  of  the  laser  beam  generation.  In  case  of  L  <  R, 
this  leads  to  significant  ineraase  of  the  field  near  the  axis.  If  punping  power 
being  large,  intensive  stlnulated  generation  in  the  axis  region  would  result  in  an 
exhausting  of  the  upper  quantum  levels  and,  subsequently,  in  a  rapid  fall  of  the 
field  anplitude  on  the  beam  axis.  In  such  a  case,  a  ring-like  spatial  mode  would 
appear  as  a  result  of  non-steady-state  self-focusing  of  the  field  generated  in  the 
active  msdium. 

Tb  make  the  model  cooplete  and  closed,  we  have  to  choose  the  schema  of  the 
quantum  levels,  the  kinetic  equations  describing  both  the  transitions  between  the 
levels  and  the  field  amplification  rates,  respectively,  and  the  model  for  the 
refractive  index  variations  as  well.  In  this  work,  we  have  taken  a  sioplified  four- 
level  scherns  with  the  working  levels  E2  and  E3  ,  axxi  the  pumping  levels  Ei  and 
E4  assuming  that  the  level  Ei  is  permanently  well  occupied  «diile  the  level  E4  is 
nearly  empty.  The  refractive  index  variations  were  supposed  proportional  to  the 
total  pumpi^  energy  aJasorbed  in  the  active  medium  at  the  given  point  p  by  the 
time  ti  . 


4.  RESXTS 

The  siBulations  carried  out  at  tha  smll  levels  of  the  pumping  power  have  demon¬ 
strated  the  gradual  localization  or  expaxasion  of  the  field  generated  by  the  laser  in 
the  cases  of  slightly  self-focusing  or  self-defocuslng  active  medium  as  compared  to 
the  standard  original  mode  of  the  empty  resonator. 

More  interesting  phenamsna  have  been  observed  in  the  case  of  the  large  pumping 
power.  In  this  case  the  localization  of  the  field  also  takes  place  at  the  beginning 
of  the  process.  However,  with  increasing  the  field  anplitude  owing  to  power 
stimulated  radiation  both  the  population  inversion  and  the  field  amplification  on 
the  axis  begin  to  decrease.  As  a  result,  the  ring-like  field  distribution  in  the 
beam  cross  section  is  forming.  Tha  mechanism  of  the  field  cpatlal  structure 
evolution  described  here  is  sufficiently  universal  and  it  can  work  in  a  lot  of 
cases.  In  the  same  tine,  in  the  case  of  the  defocusing  medium  this  mechanism  does 
not  become  apparent  because  of  more  homogeneous  field  distribution  across  the  beam. 

The  approach  developed  in  this  work  allows  to  simulate,  in  a  simple  and  easy  way, 
a  wide  range  of  complex  nonlinear  processes  of  the  laser  generation  and  the  beam 
spatial  structure  formation  under  the  conditions  of  non-uniform  and  non-steady-state 
laser  pumping. 
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We  discuss  in  the  present  work  the  optimisation  of  the  intensity  distribution  in  transverse  cross  section  of  the  pump 
beam  of  a  Raman  laser.  In  addition  to  the  selection  of  optimum  initial  beam  focusing  and  divergence,  it  allows  increasing 
the  efficiency  of  frequency  conversion  in  an  optically  pumped  Raman  laser.  If  the  maximum  on-axis  intensity  in  the  pump 
beam  did  not  change,  the  largest  effect  for  resonant  stimulated  Raman  scattering  is  achieved  in  the  beam  with  uniform 
amplitude  distribution.  The  hypergaussian  beam  has  a  profile  which  is  intermediate  in  shape  between  a  Gaussian  and  uniform 
Intensity  distribution. 


I  ml 


As  N  increases,  the  intensity  distribution  in  the  central  portion  of  the  beam  is  comparable  to  that  of  the  uniform 
distribution  Jlowever,  sharp  amplitude  gradients  appear  on  the  beam  periphery  and  nonlinear  diffraction  effects  are  amplified. 
When  hypergaussian  beam  is  used,  two  competing  processes  take  place. 

In  this  paper  we  analyze  the  influence  of  diffraction  effects  on  the  energy  conversion  efflciency  in  the  case  when 
the  intensity  profile  of  the  input  pump  beam  is  hypergaussian  and  the  initial  wavefront  is  plane.  Below  we  present  the  results 
of  the  numerical  solution  of  the  system  of  parabolic  equations  for  pump  and  Stokes  beams  /!/.  The  parameters  of  the  beams 
and  the  active  medium  are  analogous  to  the  ones  in  /!/.  In  the  case  of  narrow  input  beams  (a,<0.Scm),  no  noticeable  increase 
in  the  maximum  efficiency  is  observed  for  d,,Bt((i)„-(a,)>0  while  the  maximum  efHclency  decreases  strongly  for  negative 
frequency  offsets. 

When  wide  pump  beams  are  used. 


maximum  efficiency  increases  considerably  for 
N"6;8.  This  effect  is  especially  noticeable 
when  the  pump  radiation  self-focuses  for  d,  <0. 

Pig.l  demonstrates  the  change  in 
quantum  efficiency. 


against  the  normalized  distance  in  nonlinear 
medium  (P.^  is  the  power  of  radiation).  The 
constant  1^  is  given  by: 


I  m _ J, _ 

*  nVlAjiliJt 

Plots  are  presented  for  N>2  and  N>6  in  the 
case  when  d,B0,±S  and  a,»0.7cm.  It  can  be 
seen  that  maximum  efficiency  in  a 


hypergaussian  beam  is  achieved  at  the  same  or 
larger  distances  as  in  the  case  of  a  gaiissian 
beam. 


Figure  1.  Quantum  efriclancy  f|  against  the  distance  All 

designations  from  /!/. 
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ABSTRACT 

It  is  found  that  in  aubsilliseter  HCN-laser  with  a  vent  sirror  sade  in  the  fo 
rs  of  a  one^disentional  wire  grating,  the  output  laser  radiation  has  the  ellipti 
cal  type  of  polarisation.  The  ratio  of  orthogonal  cosponents  was  to  20  dB.  In  order 
to  draw  the  cosparlson,  the  polarisation  characteristics  of  the  sane  laser  with 
a  vent  sirror  in  the  fors  of  a  two-disentional  net  with  the  period  of  30 /ts  are  gi 
ven. 

1. INTRODUCTION 

Still  at  the  very  beginning  of  the  evolutia  of  quantus  electronics,  a  great 
attention  was  given  to  theoretical  and  experisental  aspects  of  polarisation  effects 
in  gas  lasers  /!/.  Lately,  the  experisental  research  of  the  polarisation  effects 
In  COa-lasera  has  been  fulfilled  /2/. 

It  is  known  that  an  active  sedius  of  HCN-lasers  produces  the  linearly  polar! 
sed  radiation.  A  resonator  with  an  vent  sirror  in  the  fors  of  a  one'disensional  wi 
re  grating  is  usually  used  in  order  to  obtain  the  laser  output  with  the  given  dire 
ctlon  of  a  polarisation  vector.  However,  we  discovered  experisental ly  that  an  HCN- 
laser  with  such  resonator  does  not  produce  the  cospletely  linearly  polarised  laser 
radiation. 

2.  DESIGN  OF  DEVICE 

In  the  course  of  the  experlsents,  the  DC-pusped  HCN-lasers  (the  wave  length 
is  337^s)  and  RF-puaped  HCN-lasers  (13,5  NHs)  were  used,  the  active  sedius  length 
being  1  B  and  1,7  B,correBpondently.  A  plane  setal  sirror  and  a  wire  grating  with 
the  period  ol  30/ib  and  the  wires  8 jus  in  dlaseter  or  a  two-disensional  net  with 
the  period  of  SOju-s  were  used  as  the  resonator  slrrors  on  the  one  side  and  the  op 
poslte  side,  correspondently. 

3.  EXPERIMENTAL  RESULTS 

Experlsentally  perforsed  polarisation  analysis  (  when  a  grating  is  used  as  a 
vent  sirror  of  resonator)  has  shown  that  the  laser  radiation  has  an  elliptical  pola 
risation,  the  ratio  being  20  dB  between  the  two  cosponents,  one  of  which  is  paral 
lei  and  the  other  one  is  perpendicular  to  the  direction  of  the  grating’s  wares. 

The  effect  of  alignsent,  grating  asisuth,  change  of  gases  proportions,  gas  pressu 
re  and  discharge  current  on  elliptlclty  of  the  vent  radiation  has  not  been  found. 

Apparently,  a  ssall  rotation  of  polarisation  vector  has  taken  place  in  the  in 
vestigated  lasers  inside  the  laser  resonator  when  a  signal  was  passing  between  the 
sirror;  in  so  doing  the  signal  coses  to  a  one-disensional  grating  with  the  direct! 
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on  of  a  polarization  vector  being  non-parallel  to  the  grating’s  wires.  As  passing 
through  the  grating,  this  signal  is  decomposed  into  two  orthogonal  components  which 
are  simultaneously  displaced  in  phase. 

According  to  /2/i  the  existence  of  the  two  orthogonal  directions  of  line  pola 
rlzatlon  is  explained  by  anisotropy  of  active  medium  saturation.  Such  assumption 
is  appropriate  when  treating  the  experimental  results  obtained  by  us. 

The  experiments  performed  with  the  laser  in  which  a  two-dimensional  net  was 
used  as  an  vent  mirror  have  shown  that  there  are  both  the  anisotropy  of  this  net 
and  the  anisotropy  of  a  discharge  tube. 

4. CONCLUSION 

In  conclusloni  we  shall  point  out  that  in  order  to  increase  a  degree  of  line 
ar  polarization  of  outgoing  laser  radiation  of  the  investigated  lasers  the  authors 
proposed  to  use  a  device  /3/  in  which  the  resonator  is  formed  by  a  one-dimensional 
wire  grating  and  a  plane  mirror  with  an  additional  wire  grating  having  definite 
parameters  mounted  in  a  certain  way. 
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abstract 

A  method  developed  for  the  absolute  determination  of  complex  reflectivity  is  discussed 
In  terms  of  reflection  standards  for  the  3  to  600  cm~*  spectral  region.  These  can  be 
primary  standards  based  on  transparent  materials  such  as  silicon,  or  secondary,  opaque 
standards  such  as  thin  aluminium  films,  with  or  without  protective  overcoating. 

1.  INTRODUCTION 

In  far  Infrared  transmission  studies  a  spectrum  is  found  by  comparing  spectra  obtained 
with  and  without  the  specimen  in  a  spectrometer.  This  assumes  that  the  transmission 
spectrum  of  the  local  environment  Is  unity,  giving  an  Internal  calibration  of  the  lOOJK 
level  of  the  spectrometer.  The  situation  Is  different  for  reflection  measurements. 
Here  the  specimen  Is  replaced  by  a  reference  reflector  such  as  a  thin  metal  film  on 
a  glass  substrate  with  an  assumed  unity  reflectance.  In  order  to  avoid  errors  from 
such  approaches,  an  alternative  method  was  developed  to  derive  the  complex  reflection 
spectrum  of  a  transparent  solid  In  an  absolute  manner^ It  uses  dispersive  Fourier 
transform  spectroscopy*^^  to  determln  the  complex  refractive  Index  spectrum  of  a 
reasonably  transparent  and  reflecting  solid.  In  the  far  Infrared  this  can  be  done  with 
sufficiently  high  accuracy  that  the  power  reflection  spectrum  of  the  specimen  can  be 
calculated  from  the  complex  refractive  Index  with  higher  accuracy  than  It  can  be 
measured.  It  can  then  either  be  used  as  a  primary  reflectance  standard,  or  to 
calibrate  secondary  working  standards  such  as  aluminium  films  on  glass. 

2.  EXPERIMENTAL 

The  reference  material  must  meet  several  requirements.  It  should  be  sufficiently 
transparent  that  its  complex  refraction  spectrum  can  be  accurately  moasured.  It  should 
be  sufficiently  reflecting  for  Its  calculated  reflectivity  to  be  used  In  reflection 
comparisons.  It  must  be  capable  of  being  optically  worked  to  a  plane  parallel  fora. 
It  must  also  be  homogeneous  and  mechanically  stable.  Such  requirements  aie  satisfied 
by  pure  silicon.  The  specimen  was  disc  shaped,  approximately  mm  In  diameter  with 
a  thickness  of  2.8  mm.  Its  complex  refractive  Index  was  determined  at  293K  using  a 
polarising  wire  grid  Interferometer  to  cover  the  spectral  region  from  3  to  30  cm’\  as 
shown  In  figure  1.  The  spectral  variation  of  the  refraction  and  absorption  spectra  are 
typical  of  free  carrier  absorption.  These  spectra  had  random  errors  <0.0001  In  the 
refraction  spectrum  and  <0.03  cm'^  In  the  absorption  spectrum.  Power  reflection  spectra 
of  the  specimen  were  then  calculated  from  the  measurements  using  standard  expressions 
for  the  Fresnel  single  surface  case,  and  for  that  of  an  unresolved  channel  spectrum 
of  a  lamella.  These  are  shown  In  figure  2.  The  paper  will  consider  systematic  errors 
in  such  derivations  of  reflectivity,  and  look  at  the  question  of  calibrating  secondary 
standards  based  on  aluminium  films  on  glass  substrates. 

Acknowledgement:  This  work  was  supported  under  the  Optoelectronics  Programme  of  the 
National  Measurement  System  Policy  Unit. 
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Pig  1.  The  complex  refraction 
spectrum  of  the  silicon  specimen. 
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Fig  2 .  Calculated  power  reflection 
spectra  of  the  specimen.  Ihe  lower 
curve  Is  the  Fresnel  spectrum,  the 
upper  the  lamella  with  an 
unresolved  channel  spectrum. 
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ABSTRACT 

The  Sparks-King'Mills  model  for  the  intrinaio  imn*wave  absorption  in  alkali  halides  has  been  generalized  and  adapted  to 
materiaJs  with  a  more  complex  structure.  The  modelling  is  applied  to  experimental  data  fbr  the  frequency  dependence  of 
tanS  in  LiF  and  CaF„Bnd  to  the  temperature  dependence  of  tanS  in  Sapphire  where  the  existence  of  a  T  regime  is  assessed. 

1.  THE  CLASSICAL  OSCILLATOR  MODEL 

In  the  design  of  oryogenically<cooled  windows  fbr  high-power  gyrotrons,  there  is  a  wide-spread  use'*’  of  the  trial  fitting 
function  of  Haste  et  al.’  to  describe  the  dielectric  loss  tangent  of  Sapphire  in  the  ordinary  ray  ( o.r. )  below  300  K; 

tanfl  -  5,58  10  •"  •  f  *’•’  •  T with  f  [GHz]  and  T  [K]  ( 1 ) 

Simple  scaling  laws  appear  to  be  also  attractive  for  analyzing  the  much  broader  experimental  data  base  that  lias  been  gene¬ 
rated  world-wide  since  this  first  fitting.  This  paper  proceeds  on  the  route  that  was  promoted  earlier  by  Thomas  et  al.  *  to  ba¬ 
se  the  pratical  fitting  functions  on  the  physios  to  describe  data  in  the  Infrared  ( IR ).  The  starting  point  is  the  classical  oscil¬ 
lator  model  proposed  fbr  the  excitation  of  Tranvene  Optical  ( TO )  phonons  by  the  electromagnetic  wave  which  yields  the 
dielectric  function; 

e?  -  ej,-  -F  Ij  Aej  •  ( 2 ) 

with  and  iij  the  strength,  resonance  frequency  and  the  damping  constant  associated  with  each  excited  TO  mode,  and 
ey.  is  the  permittivity  at  optical  frequencies.  Fcr  mm-waves  ( where  v  "  f/o  «  %  ,  c:  velocity  of  light ),  the  various  oscilla¬ 
tor  terms  can  be  summarized  by  one  effbctive  oscillator,  and  the  dleletrio  loss  tangent  can  be  expressed  as  fbllows*: 

tan  8  ■  ((ei.o  -  e;,«)/e;,o)Yo  ( 3 ) 

where  and  y,  define  the  effbctive  resonance  frequency  and  damping  constant,  and  is  the  permittivity  at  microwave 
frequencies.  It  was  shown  for  dielectric  absorption  at  300  K,  dut  the  proposed  linear  frequency  dependence  describes  well 
the  experimental  data  in  single  crystals  ( s.c. )  of  various  structures  such  os  Sapphire,  Quartz,  LIF  and  CaF„  evident  in  most 
cases*  ’ down  to^  below  10  cm*'.  The  fit  for  Sapphire  ( o.r. )  can  be  expressed  by  a  new  fitting  function: 

tan«- I.SSIO-*  ■  f  with  f  [GHz]  and  Tat  300  K  (4) 

Its  results  shows  best  agreement  with  those  of  Eq.  I  in  the  range  of  20-30  GHz.  The  model  has  its  drawbacks  if  one  tries  to 
assess  the  effective  oscillator  parameters  fbr  mm-wavelengths  from  the  set  of  oscillator  parameters  known  from  IR  reflecti¬ 
vity  measurements,  as  the  correspondance  turns  often  out  to  be  rather  approximative**’. 

2.  THE  TWO-PHONON-MODEL 

The  excitation  of  TO  modes  only  causes  energy  dljslpation  because  the  excited  phonon  decays  by  interaction  with  other 
phonons.  The  quantummechanical  treatment  of  the  problem  shows  that  the  eigenfrequencles  are  then  shifted  and  broade¬ 
ned.  The  damping  constant  of  the  classical  oscillator  model  can  be  generalized*  by  relating  it  to  the  frequency  and  tempe¬ 
rature  dependent  broadening  parameter  r. 

Yo->Yv»2(^oA’mT)  (5) 

For  alkali  halides,  it  was  demonstrated  by  Sparks  et  al.^  that  the  intrinsic  mm-wave  absorption  can  be  described  on  the  as¬ 
sumption  that  the  generated  virtual  TO  phonon  ( )  with  a  small  wavevector  ( k,«0 )  decays  into  another  TO  phonon  ) 
with  a  wavevector  at  the  Brillouln  zone  edge  ( kj-k^ )  while  a  second  phonon  ( ^, )  with  k,-k|,  is  absorbed  from  the  trans¬ 
verse  acoustical  ( TA )  branch.  As  the  energy  gap  between  the  TO  and  TA  branches  ( V,  **  -  V’n )  is  larger  than  the  fre¬ 

quency  of  mm-wave  ( ^ ),  the  process  is  only  allowed  energetically  if  the  branches  involved  are  also  broadened  ( ). 
For  this  case,  the  damping  term  can  be  expressed  as; 

r  =  |r  oj^arctan  ^  -  arotan  ^  j  where  ( 6 ) 
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Further  approxlmationdi  for  small  numbers  of^  lead  to  the  relation: 

Yv  =  fr_CA(A52p/Vc)/{x)  (7) 

where  is  a  constant  to  correct  for  inaccuracies  in  the  expansion  of  the  arctan-terms,  F.  a  constant  correlated  to  the  latti¬ 
ce  anharmonicities^  and/(x)"  x  e’'  (e'‘-l)  ’  and  x*  (h'V„  c/kBT),  with  h  the  Planck  constant  and  kg  the  Boltzmann  constant . 
At  this  stage  of  approximation,  the  explicit  ftequency  dependence  in  y,  has  disappeared  and  -  apart  from  smaller  tenns  in 
the  phonon  parameters  -  the  temperature  dependence  is  given  by/(x).  So  tan6  can  be  descibed  by: 

tan8-b'  (f/c)  withb-((e',,.-e'J/e'jYv^v,’  (8) 

For  special  materials  with  simple  structure,  such  as  NaCI,  all  parameters  can  be  assessed  according  to  Ref.7  ( all  F  para¬ 
meters  were  defined  there  as  twice  of  ours ),  In  more  complex  structures,  a  variety  of  different  TO  branches  may  contribu¬ 
te.  For  these  general  cases,  we  propose  to  fix  the  values  of  and  v,  by  selecting  a  position  with  two  parallel  phonon 
branches  ( not  necessarily  at  kg, )  of  correct  polarization  which  give  a  compromise  between  minimum  values  of  %  and'9„. 
Where  and  F.  parameters  cannot  be  found,  they  may  be  used  as  combined  or  individual  fitting  parameters.  Table  1 
exemplifies  the  modelling  of  LiF,  CaF,  and  Sapphire;  the  first  are  treated  with  no  really  free  parameter  and  yet  reproduce 
quite  well  the  experimental  data  of  Ref.5 .  For  Sapphire,  F.  is  fitted  to  yield  tan8  -  2'  1 0'^  at  150  OHz. 


Table  1 .  The  effective  damping  constants  of  LiF,  CaF,  and  Sapphire  at  300  K  calculated  with  the  two-phonon-model 


( *  ;  AV],  fixed  to  typical  values  for  alkali  halides^ ) 
[cnf-']  (cSp']  [c'n^'] 

[  cTn-'] 

t?*'] 

b 

[cm] 

LiF  307 

210 

90 

0.91 

0.977 

93 

20* 

0.076 

1.63' 10-" 

CaF,  256 

Sapphire  (o.r.)  385 

142 

42 

1.41 

0.921 

32 

20* 

0.098 

2.67' 10-* 

367 

65 

0.44 

0.964 

54(flt) 

20* 

0.023 

0.40' 10“* 

3.  DESCRIPTION  OF  THE  T»  REGIME 

Often  a  temperature  range  is  observed  experimentally  where  tanS-P.  The  two-phonon-model  was  often  disregarded  becau¬ 
se  for  x«l,  /(x)  is  proportional  to  x  '  and  therefore  predicts  tan8>T.  Our  analysis,  however,  shows  that  the  proportionality  is 
no  longer  o^yed  for  x>l,  and  an  approximation /(x)  -  1.3  x‘*  holds  within  15%  accuracy  in  the  Interval  of  1.3  <  x  <  4. 
Therefore  in  the  specially  interesting  case  of  Sapphire  ( v„“367  cm  '),  the  rivo-phonon  model  predicts  a  P  law  for  130  • 
410  K.  At  lower  temperatures,  the  temperature  exponent  should  continuously  increase.  Defect  related  loss,  however,  can 
mask  this  regime  with  a  steep  T  dependence  and  can  introduce  a  P  regime  Instead.  The  general  fit  for  Intrinsic  loss  in  Sap¬ 
phire  is  based  on  Eqs.  3-4  which  can  be  written  using  the  parameters  of  Tab.  1; 

tan8  -  3.0  ■  10-*  ■  /(x^)  •  f  with  f  [OHz]  ( 9 ) 

which  in  the  P  regime  reduces  to: 

tan8- 1.48  ' 10"  ■  f'  P  with f [OHz ]  and T  [K]  (10) 
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ABSTRACT 


The  results  of  dispersive  Fourier  transform  spectroscopic  studies  of  the  temperature 
dependence  of  the  optical  constants  of  polyethylene  from  30  to  120  cm'^  are  presented 
and  discussed. 


mm 


In  the  far  Infrared  polyethylene  ((CjH^)^)  is  probably  the  most  widely  used  material 
for  the  construction  of  low  loss  transmission  optics  such  as  lenses  and  windows.  A 
consequence  of  this  is  that  there  have  been  extensive  studies  of  Its  power 
transmission  properties  in  this  spectral  region,  including  some  studies  of  the 
spectral  variation  of  its  optical  constants^^^  If,  however,  Information  is  required 
on  the  temperature  dependence  of  the  optical  constants,  the  available  data  Is  more 
spares.  Thus,  while  there  have  been  a  number  of  studies  of  the  temperature  variation 
of  the  absorption  spectrum,  particularly  in  the  ^0  to  80  em'^  region  of  the  lattice 
mode,  there  is  much  less  Information  available  on  the  temperature  dependence  of  the 
refractive  Index  spectrum.  The  present  work  was  aimed  at  providing  a  systematic  study 
of  the  temperature  dependence  between  6  and  300  K  of  the  optical  constants  of  a 
specimen  of  low  density  polyethylene  (LDPE)  In  the  spectral  region  from  30  to  120  cn*‘ 
which  contains  the  end  Bjy  lattice  modes. 


The  refraction  and  absorption  spectra  of  a  mm  thick  specimen  of  LDPE  were 
determined  using  dispersive  Fourier  transform  spectroscopy* (DPTS).  nils  measures  the 
phase  shift  and  attenuation  suffered  by  an  electromagnetic  wave  as  It  propagates 
through  a  specimen.  Once  these  are  known,  the  refraction  and  absorption  spectra  of  the 
specimen  can  bo  calculated  from  them  without  approximation. 

The  interferometer  used  in  this  study  was  a  polarising  wire  grid  Interferometer* It 
was  used  with  a  quarts  window  Qolay  cell  In  the  spectral  region  from  30  to  120  cm‘^ 
The  specimen  was  mounted  In  a  variable  temperature  cryostat  which  formed  part  of  the 
fixed  mirror  arm  of  the  interferometer.  Its  temperature  could  be  adjusted  to  any  value 
between  4.2  and  300  K.  The  specimen  could  be  positioned  in  or  out  of  the  beam  in  the 
fixed  mirror  arm  without  removing  It  from  the  exchange  gaa  volume  of  the  cryostat. 

The  phase  shift  and  attenuation  due  to  the  specimen  were  measured  at  seven 
temperatures,  6,  20,  40,  60,  80,  100  and  293  K.  Typically,  the  temperature  was 
maintained  within  ±1  K  above  60  K,  falling  to  around  ±0.3  K  at  the  lower  temperatures. 
All  of  the  measurements  were  made  with  a  nominal  spectral  resolution  of  2  cm'^. 
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3.1  BESliLTS 

The  refraction  and  absorption  spectra  of  the  specimen  as  determined  at  each 
temperature  are  shown  In  figure  1.  Each  represents  the  average  of  4  Independent 
determinations.  The  reproducibility  of  these  suggested  a  level  of  random  uncertainty 
In  the  refraction  spectra  of  about  0.0001  and  about  0.1  cm'^  In  the  absorption  spectra. 
The  absorption  ordinate  scale  refers  to  the  293  K  spectrum.  The  other  spectra  are 
offset  by  a  progressive  0.5  cm'^  for  clarity. 

As  the  thickness  of  the  specimen  was  only  known  at  293  K,  It  was  corrected  for  thermal 
contraction  at  each  measurement  temperature.  The  effect  of  this  was  only  seen  In  the 
refractive  Index  spectrum,  due  to  the  high  signal- to-nolse  of  the  phase  spectrum.  The 
lower  slgnal-to-nolse  of  the  attenuation  measurements  masked  such  effects.  A  further 
correction  was  necessary  to  allow  for  the  non-unity  refractive  index  of  the  helium  gas 
which  surrounded  the  specimen.  If  ignored,  this  reduces  the  derived  value  of  the 
refractive  Index  from  Its  true  value.  This  can  be  avoided  if  the  temperature 
dependence  of  the  refractive  Index  of  helium  gas  Is  known*'*’ . 

Acknowledgement:  This  work  was  supported  under  the  Optoelectronics  Programme  of  the 
National  Measurement  System  Policy  Unit. 
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Figure  1.  The  refractive  Index  and  absorption  spectra  of  LDPE 
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ABSTRACT 

imaginary  parts  of  the  far  Infrared  complex  refractive  index  of  InAs  have  been  determined  at  300 
^d  lOOK  using  the  technique  of  dispersive  Fourier  transform  spectroscopy,  Features  observed  in  the  spectra  have 
been  assigned  as  phonon  combination  bands  at  critical  points  and  used  to  test  the  validity  of  a  lattice  dynamical 
model  for  establishing  tl\e  phonon  dispersion  curves  in  the  absence  of  neutron  data. 

DISCUSSION 

The  method  of  single-pass  transmission  dispersive  Fourier  transform  spectroscopy  (DFTS)  is  used  to  obtain 
directly  the  amplitude  and  phase  spectra  of  highly  absorbing  solids*.  The  Instrument  that  has  been  developed  to 
obtain  the  present  results  on  InAs  and  other  bb\ary  semiconductors  is  described  elsewhere*. 

In  thta  work,  a  small  crystal  of  nominally  undoped  InAs  with  a  surface  area  of  about  1  cm*  and  thlckneu  500  ± 
1.5  pm  has  been  used  to  obtain  the  optical  constants  (n  and  k)  on  either  side  of  the  reststrahlen  band. 
Measurements  of  the  amplitude  and  phase  spectra  at  300  and  lOOK  were  first  obtained  by  DFTS  and  n  and  k 
calculated  from  the  Fresnel  relations.  At  300K  the  sample  was  completely  opaque  below  the  reststrahlen  band,  but 
at  lOOK  a  weak  transmission  signal  was  detected  below  the  reststrahlen  band.  The  details  of  this  method  of 
measuring  the  phase  change  precisely  at  two  different  temperatures  is  described  elsewhere*. 

The  spectra  of  n  and  k  are  shown  in  figure  1.  The  change  in  thickness  of  the  sample  due  to  thermal 
contraction*  was  negligible.  The  real  and  imaginary  parts  of  the  dielectric  response  function,  e'  and  e", 
respectively,  can  also  be  calculated  easily  from  these  data,  but  they  are  not  shown  here.  The  values  of  n  obtained 
from  this  work  are  slightly  higher  than  those  reported  previously*  from  an  analysis  of  interference  fringes 
measured  in  transmission^.  The  rise  in  the  value  of  k  at  low  frequencies  is  believed  to  be  due  to  the  onset  of  free 
carrier  absorption,  The  optical  constants  In  the  reststrahlen  band  measured  at  room  temperature  have  been 
reported  by  several  authors’* using  the  technique  of  reflection  DFTS, 


Figure  li  Refractive  index  n  and  extinction  coefficient  k  of  InAs  at  (a)  300K  and  (b)  1CX)K 
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InAs  absorbs  neutrons  heavily.  As  a  result,  very  few  neutron  scattering  measurements  have  been  made  on  this 
material,  and  this  has  greatly  inhibited  the  determination  of  reliable  phonon  dispersion  curves.  Several  attempts 
have  been  made  to  establish  a  complete  set  of  critical  point  phonon  (cpp)  frequencies  by  interpreting  the 
experimentally  measured  phonon  combination  bands  with  the  aid  of  lattice  dynamical  models'*”'^.  However, 
significant  discrepancies  exist  between  the  different  sets  of  calculated  phonon  frequencies. 

In  the  present  work  the  cpp  frequencies  predicted  by  an  ll>parameter  rigld-lon-model  (RIM)^^  were  used  in 
the  assignments  of  the  observed  bands.  This  provides  an  opportunity  to  test  d^e  validity  of  the  model.  The  bands 
have  been  assigned  to  two>phonon  processes  at  the  critical  points  r,  X,  L,  W  and  K  In  the  first  Brlllouin  zone,  as 
listed  in  table  1.  It  can  be  seen  from  the  table  that  in  nearly  all  cases  reasonable  agreement  is  found  between 
measured  and  calculated  frequencies. 


Table  1:  List  of  assigrunents  of  the  observed  bands  for  InAs 
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ABSTRACT 

A  twitched  fleld-of-vlew  dlaperaive  Fourier  tranaform  apactroneter  for  conplex 
reflection  neaaurenenta  on  opaque  aollda  la  deacrlbed.  It  la  for  operation  In  the  30 
to  600  CD'*  apectral  region.  The  apecloen  la  oountad  on  the  cold  atage  of  a  cloaed 
cycle  refrigerator  to  allow  meaeureoenta  to  be  aade  at  any  tanperature  between  ambient 
and  20  K. 

1.  INTRODUCTION 

Dispersive  Fourier  transfora  spectroscopy  (DFTS)**'^^  Is  a  technique  for  the 
determination  of  the  full  apectral  variation  of  the  optloal  constants  of  a  material. 
Tills  la  achieved  by  a  measurement  of  the  attenuation  and  phase  shift  imposed  on  an 
electromagnetic  wave  by  Its  Interaction  with  a  specimen.  The  complex  refractive  Index 
spectrum  of  the  specimen  can  then  be  calculated  from  these  parameters  without 
approximation.  Measurements  can  be  on  gases,  liquids  or  solids,  and  may  be  In 
transmission  or  reflection,  as  appropriate. 

In  measurements  on  opaque  solids  the  Fresnel  complex  reflection  spectrum  of  the 
material  is  determined.  This  can  be  done  either  by  a  raplaeament  method,  in  which  the 
specimen  physically  replaces  the  fixed  mirror  of  the  interferometer,  or  by  a  switched 
fleld-of-vlew  method.  In  the  latter  approach  the  specimen  is  the  fixed  mirror.  Its 
surface  Is  partly  aluminlsed  and  a  screen  is  used  to  divide  the  fleld-of-vlew  of  the 
interferometer  so  that  ei  ther  the  aluminlsed  or  the  non-alumlnlsed  area  of  the  surface 
is  Illuminated.  The  replacement  method  is  the  easiest  to  Implement,  but  the  switched 
fleld-of-vlaw  method  Is  much  better  suited  to  low  temperature  measurements,  ond  a 
number  of  spectrometers  for  such  cryogenic  studies  have  been  constructed^^'^* .  These 
have  used  liquid  eryogens  In  cryostats  to  operate  at  fixed  temperatures,  usually  those 
of  liquid  nitrogen  and  helium.  The  present  work  describes  a  DFTS  spectrometer  for 
complex  reflection  measurements  that  uses  a  cloaed  cycle  refrigerator  to  achieve  any 
measurement  temperature  between  20  and  300  K. 

2.  BXESRIMENTAL 

A  schematic  representation  of  the  Interferometer  Is  shown  in  figure  1.  The  radiation 
from  a  mercury  arc  lamp  was  focussed  Into  the  interferometer  by  an  off-axis  parabolic 
reflector.  A  thin  film  dielectric  beamdlvlder  divided  the  Incident  beam  Into  two 
orthogonal  beams)  one  was  transmitted  from  the  beamdlvlder  to  form  a  source  Image  at 
the  specimen,  the  other  was  reflected  to  enter  the  moving  mirror  arm.  This  was  bent 
through  a  right  angle  by  a  plane  mirror  mounted  on  a  vibration  generator  so  that  phase 
modulation  could  be  used.  The  return  radiation  from  each  arm  was  condensed  on  to  the 
detector  by  a  further  off  axis  parabolic  reflector. 
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The  eurPace  of  each  specimen  was  divided  Into  eight  eectore  of  equal  area  with  every 
other  one  a  vacuvim  evaporated  aluminium  film.  A  four  sector  mask  mounted  Just  before 
the  specimen  could  be  magnetically  switched  so  that  either  the  alumlnlsed  or  the  non- 
alumlnlsed  surface  segments  were  Illuminated.  The  specimen  was  rigidly  connected  to 
the  body  of  the  Interferometer  using  FTFE  connecting  pieces  to  thermally  Isolate  It 
from  the  warm  Instrument.  It  was  connected  to  the  cold  stage  of  the  refrigerator  by 
copper  braid  to  give  good  thermal  contact,  while  maintaining  a  non-rlgld  mechanical 
contact  to  Isolate  It  from  the  vibrations  of  the  compressor  cycle  of  the  refrigerator. 
A  Qolay  coll  with  a  diamond  window  was  used  as  the  detector. 

The  performance  of  the  Interferometer  In  the  spectral  region  from  50  to  ^00  cm'^  will 
be  described  and  Illustrated  with  the  results  of  measurements  on  some  YBCO  films. 

Acknowledgement:  This  work  was  supported  under  the  Optoelectronics  programme  of  the 
National  Measurement  System  Policy  Unit. 
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Flgvire  1.  A  schematic  representation  of  the  Interferometer. 
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ABSTRACT 

The  qualification  of  different  kinds  of  oil  products,  either  dark  (crude  oils,  adulterated  oils,  engine  oils)  or  light 
(gasoline,  petrol,  kerosene,  dlesdl  oil)  is  shown  to  be  possible.  The  sensitivity  of  measurements  distinguishes  1/300 
between  two  kinds  of  russian  automobile  gasolines  with  octane  numbers  93  and  76  is  shown.  It  can  be  easily  improved 
to  1/1000  or  better. 

2.  INTRODUCTION 


In  the  latest  decades  a  BWO-Spectroscopy  in  millimeter  and  submiUlmeter  band  has  been  actively  developing  ( '  •  ^) . 
BWO-Spectroscopy  implies  the  technique  of  measuring  frequency  dependencies  of  different  parameters  of  the  samples 
using  a  tunable  monochromatic  sources  Backward-Wave-Tube-Oscillators  (BWO)  with  electronic  frequency 
sweeping.  The  BWOs  used  for  spectroscopy  can  sweep  in  the  range  of  one  octave. 

The  commonly  measured  parameter  is  the  sample  transmission  factor,  that  is  known  to  be  the  complex  value.  Presently 
there  is  a  series  of  BWO-spectrometers,  measuring  not  only  transmission  amplitude,  but  also  its  phase  spectra.  It  is 
noteworthy,  that  while  the  amplitude  of  transmission  is  mainly  Influenced  by  the  absor^  tlon  and  refraction  indices  of 
sample  substance,  its  phase  depends  mostly  upon  the  refraction  index. 

Modern  technique  of  BWO-spectroscopy  has  the  sensitivity  of  0.1 -0.5  degrees  For  instance,  at  1mm  wavelength 
and  10mm  sample  thickness  such  technique  can  detect  changes  of  refraction  index  of  the  order  of  10 

Direct  measurements  of  refraction  Indices  with  such  precision  deals  with  cerUiin  problems  (however,  which  can  be 
perfectly  solved) ,  particularly  the  necessity  of  the  knowledge  of  exact  sample  geometry  with  submicron  accuracy.  The 
last  problem  is  easy  enough  if  the  goal  of  Investigation  is  to  measure  not  atmlute  value  of  refraction  index,  but  its 
change  relative  to  some  reference  substance  which  is  similar  to  those  to  be  Investipted.  It  is  relatively  easy  for  liquids. 
In  this  case  the  qualification  is  limited  to  the  measurements  of  phase  differences  of  the  same  cell  filled  with  either 
reference  or  investigated  liquids. 

a.  DEMONSTRATION 

Our  aim  was  to  show  attractive  features  of  BWO-spectroscopy  like  sensitivity  to  slight  refraction  index  variations ,  and 
to  demonstrate  the  applicability  of  this  technique  to  problems  of  certain  interest  to  industry. 
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We  have  measured  transmission  phase  2-| 
differences  In  a  series  of  oil  products  in  the 
same  cell  with  fluid  layer  thickness  of  10 
mm).  The  measurements  where  made  in 
0. 9-1.1  mm  wavelength  range  in  automatic  m  1-j 
mode.  One  sort  of  russian  petrol  with 
octane  number  76  was  used  as  reference 
liquid  for  all  cited  below  spectra  (the  choice 
was  arbitrary). 

Fig.  1  shows  scatter  between  two  phase 
spectra  of  the  same  russian  petrol  "refer¬ 
ence”  A-76.  It  demonstrates  the  quality  of 
the  technique  used.  It  is  evident  that  the 
reproduceability  of  phase  spectra  (and, 

thus,  phase  sensitivity)  is  within  0.5  ^  ( 0.5 
degree) .  The  RMS  difference  of  refraction  _2- 
indices  (or  refraction  index  sensitivity),  270 
calculated  from  this  phase  difference  is 

8  10  ~  ^  The  absolute  value  of  the 
refraction  index  of  the  petrol  A-76  is  1.42. 
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The  difference  between  two 
phase  shifts  of  the  same 
gasolines  (oct.  number  76) 
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In  Fig.  2  the  phase  difference  between 
referenced  petrol  A-76  and  a  series  of 
Russian  oil  products  are  shown.  Curve 
1  corresponds  to  petrol  AI-93  (Octane 
number  93).  Transmission  phase  of 
this  petrol  exceeds  by  more  then  1(X) 
degrees  the  corresponding  phase  for 
reference  petrol  A>76,  and  the 
difference  of  the  refraction  index  Is 
0.0366.  The  difference  in  refraction 
Indices  for  these  petrols  exceeds  by  300 
times  the  scatter  we  had. 

Curves  2  and  3  in  Fig.3  correspond  to 
two  varieties  of  Russian  crude  oil 
(relative  to  the  reference  petrol  A-76) . 
In  this  case  we  find  it  remarkable  that 
our  technique  can  measure  light  as  well 
as  dark  (non-transparent  in  visible 
range)  oil  products.  Note  that 
difference  between  two  kinds  of  oil  is 
clear  enough  to  be  easy  detected  by 
means  of  BWO-spectroscopy.  Relative 
refraction  indices  for  oils  2  and  3  are 
0.0510  and  0.0549  correspondingly. 


Curves  4  and  5  on  Fig.  2  correspond  to 
the  same  engine  oil  (carburator  oil 

M8V1 ,  dark  oil  product) ,  both  new  (curve  4)  and  used  in  the  car  engine  for  1 0,000  Km  (curve  5) .  These  oil  products 
can  be  Investigated  by  means  of  BWO-spectroscopy  and  can  be  euily  distinguished.  The  relative  refraction  indices 
of  these  oils  referenced  to  A-76  petrol  are  0.0857  and  0.0933. 


It  should  be  noted,  that  all  curves  in  Fig.  2  have  a  lot  of  peculiarities,  exceeding  essentially  the  sensitivity  of  the 
technique  used.  It  is  the  time  to  ask  which  of  them  reflect  the  features  of  investigated  liquids  and  which  are  the 
instrumental  erron  of  measuring  technique.  We  can  not  readily  answer  this  question  and  this  is  a  subject  for  further 
analyses. 
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The  modern  technique  of  millimeter  and  submillimeter  measurements  may  provide  a  useful  tool  for  qualitative  and 
even  quantitative  analysis  of  different  crude  oils  and  oil  products  as  fuels,  lubricants,  fats,  etc.  The  sensitivity  of  the 
measurements  can  be  improved  to  10  times  or  more  by  simple  increasing  of  cell  thickness. 
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Use  of  different  multilayer  resonance  structures  in  quasioptical  submilllmeter  (SBMM)  spectroscopy  gives  an 
effective  way  of  increasing  the  sensitivity  of  measuring  schemes  due  to  multiple  interaction  of  the  testing  radiation 
with  the  sample.  We  present  below  three  main  kinds  of  interferometric  structures  used  in  SBMM  quasioptical 
spectroscopy  which  allow  direct  determination  of  any  optical  constant  of  the  sample. 

1  Investigation  of  bulk  materials. 

In  this  method  the  measurement  of  reflectivity  of  a  Fabry>Porot  resonator  (FPR)  with  the  back  mirror  represented 
by  the  surface  of  the  sample  is  performed  instead  measuring  reflectivity  of  the  bulk  material.  We  have  realised 
two  modifications  of  this  technique.  In  the  first  case  the  front  mirror  of  FPR  is  a  metallic  grid.  In  order  to 
achieve  maximum  sensitivity  in  determination  of  modulus  and  phase  of  the  reflection  coefficient  R  of  the  sample, 
the  grid  should  have  its  reflectivity  as  close  to  R  as  possible.  In  the  second  case  the  FPR  is  formed  by  a  plane 
-parallel  transparent  plate  (dielectric  "tester”)  with  its  back  plane  being  in  (optical)  contact  with  the  surface  of 
the  sample.  The  first  method  was  used  by  us  for  measurement  of  the  ferroelectric  crystals  [1]  and  the  second  one 
-  for  measurements  of  the  high-temperature  superconducting  ceramics  [2]. 

2  Investigation  of  metallic  and  superconducting  films. 

An  optimum  structure  for  measuring  the  complex  conductivity  of  such  objects  is  a  dielectric  Fabry-Pcrot  resonator 
formed  by  piano-parallel  dielectric  plate  coated  from  both  sides  by  investigated  Aims.  Experimentally  arc  measured 
the  resonances  in  the  transmissivity  spectra  of  this  FPR.  Wo  have  performed  by  such  technique  measurements  of 
the  electrodynamic  properties  of  conventional  (NbN)  and  high-temperature  (YBajCusOrHl)  superconducting  films 
in  normal  and  superconducting  phases,  which  actually  for  the  first  time  allowed  quantitative  determination  of  the 
real  part  of  the  conductivity  (absorption)  of  superconducting  Aims  [3]  (Fig.l,  data  for  NbN). 

3  Investigation  of  absorbing  liquids. 

Study  of  liquids  with  the  help  of  dielectric  tester  techinique  is  especially  convenient  since  in  this  case  there  is  no 
problem  of  providing  the  opticai  contact  between  the  sample  and  the  tester.  This  is  done  just  by  putting  the  liquid 
on  the  horizontally  situated  tester.  By  using  this  technique  we  have  studied  SBMM  dielectric  spectra  of  a  number 
of  water  solutions. 
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Fig.l  SBMM  tranatnisaivity  spectra  of  a  FFR  formed  by  two  NbN  fllmi  (640  A)  evaporated  onto  sapphire  substrate, 
measured  in  normal  and  in  superconducting  state.  The  lower  part  shows  temperature  dependencies  of  the  SBMM 
conductivity  and  the  dielectric  permittivity  of  NbN  films  at  8  cm~‘  (1)  and  29  cm~‘  (2),  calculated  on  the  basis 
of  transmissivity  spectra. 
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In  this  report  we  dlicuu  the  technique  for  dielectric  characterisation  of  microwave  ceramics  with  the  help  of 
■ubmillimeter  ftequency-tunable  monochromatic  generaton  •  baekward*wave  oscillators  (BWO).  We  have  devel* 
oped  for  frequencies  10“  -  10“  Hs  (A  ~  3  ■*  0.3  mm)  a  technique  for  fast  and  precise  measurement  of  the  dielectric 
characteristics  e*  and  c''  of  transparent  ceramic  samples.  The  techlnlque  is  aimed  at  determination  of  minimal  level 
of  losses,  connected  with  the  fundamental  Infrared  resonances  of  the  crystal  lattice  [1,  2].  The  measuring  procedure 
consists  of  recording  in  optical  scheme  of  the  transmissivity  spectra  of  plane-parallel  ceramic  plates,  working  as 
Fabry- Perot  interferometers  due  to  their  high  quality  factors.  The  spectra  of  e'  and  e"  are  determined  on  the  basis 
of  oscillating  transminivity  curves  using  Fresnel  formulas  (Fip.  1,2). 


Fig.l  Example  of  transmissivity  spectrum  of  a  plane*  Pig.2  Room  temperature  t*{u)  and  spectra  of 

parallel  barium  ceramic  plate.  Solid  line  shows  thooret*  barium  ceramic  calculated  from  transmissivity  spectra 
leal  fit  givihg  c'  and  e"  (see  Fig.2).  shown  in  Fig.l 
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Infrared  Spectra  Of  Wool  Fibers 
%  -Irradiated  In  Mixtures  Of  Solvents 

S.M.Rabie,  M.A.Moharram*  and  O.M.Mahmoud* 

Middle  Eastern  Regional  Radioisotope  Center 
for  the  Arab  Countries,  Cairo,  Egypt. 

*Natlonal  Research  Center,  Cairo,  Egypt. 


The  IR  spectra  of  wool  fibers  Y  -irradiated  in  mixtures  of  two  organic  solvents  were  record¬ 
ed.  The  analysis  of  the  spectra  showed  that  irradiation  of  wool  fibers  in  the  presence  of  certain  mix¬ 
tures  results  in  the  appearance  of  an  absorption  band  at  1725  cm  corres^nding  to  the  absorp¬ 
tion  of  the  carbonyl  groups.  The  Intensity  of  the  COO '  band  at  1400  cm  is  influenced  by  the 
nature  of  the  solvents  and  the  concentration  of  each  solvent  in  the  mixture.  This  band  disappears 
when  the  fibers  are  irradiated  in  the  presence  of  ethylalcohol  and  shows  the  Intense  absorption 
when  the  fibers  are  irradiated  in  carbon  tetrachloride.  The  intensities  of  the  absorption  bands  in  the 
region  1000-1200  cm  vary  also  according  to  the  nature  of  the  solvents.  Furthermore,  the  absor¬ 
bances  of  the  amide  I  and  amide  II  bands  were  determined.  It  was  found  that  the  induced  changes 
in  the  absorbances  of  these  bands  depend  on  the  dipole  moment  of  the  solvents. 
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Effect  of  Organic  Solvents  on  the 
Frequency  of  Infra-red  Region  of  the  Spectrum 

By 

M. 1 .  Nasser 
Physics  Department 
National  Research  Centre 


Due  to  the  Special  Imnortance  of  the  (X-H)  bonds,  this  study 
was  restricted  to  the  (N-H)  and  the  (0-H)  bonds  of  Diphen  i  lami ne 
and  i(  -  naphthol  respectively. 

The  frequency  of  both  the  (N-H)  and  the  (0-H)  groups  in  the 
gas  phase  (\)g)  was  exper  imental  ly  measured ,  by  the  author,  using 
a  specially  designed  heated  gas  cell.  It  was  found  that  V-(N-H)» 

II 

3436  cm  and  Vg  (0-H)  *  3658  cm/  Thus  the  frequency  shift  could  be 
precisely  determined. 

The  change  in  the  vibrational  frequency  of  a  dipole  due  to 
its  electrostatic  interaction  was  studied  by  Kirkwood  (1934) 

The  model  of  a  point  dipole  in  a  continuous  dielectric  was  used. 
The  relative  frequency  shift  is  expressed  by  the  Kerkwood-Bouer- 
Magat  equation  : 


where  : 


C 


D  -  1 
2  D  H-l 


(1) 


vibrational  frequency  in  the  gas  phase 
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=  vibrational  frequency  in  solution 
D  =  dielectric  constant 

C  =  constant  depending  on  solute  model, 

according  to  this  equation  the  plot  of 

against  •  should  give  a  straight  line  passing 

through  the  origin. 

Later  they  modifed  their  equatioin  and  related  the  frequency 
shift  to  the  refractive  index  of  the  solvent  as  follows  .1 


where  i 

ii  f-  refractive  index  of  the  solvent 

a  constant  other  than  C  in  equation  (1) 

Josien  &.  Fuson  (19S4)  during  their  detailed  study  of  the 
solvent  effects  on  the  (N-H)  stretching  vibrations  of  pyvole 
showed  that  only  the  frequency  shifts  in  dilute  solvents  of  non¬ 
polar  solvents  fall  on  the  K  B  M  line.  In  polar  solvents  the 
points  are  shifted  twoards  highet  values  of  This  shift 

produced  by  the  polar  dc  aromatic  hydrocarbon  solvents  has  been 
attributed  to  the  hydrogen  bonding  format ion<Jfuoh  interactions 
were  not  taken  into  cons iderat ioin  by  the  K  B  M  equation. 

The  aUbhor,  having  designed  a  specially  heated  gas  cell,  was  able  to  deter¬ 
mine  the  frequency  in  the  gos  phase.  This  enabled  him  to  conclude  that  the 
frequency  shifts  do  not  depend  upon  the  solvent  properties  only  but  upon  the  prop' 
erties  of  the  solute  molecules  as  well.  This  finding  is  in  agreement  with 
Bellany's  concepts. 


« 
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Optical  properties  of  lanthanides  ions  in  low  vibrational  frequency  solvents 
Andrew  Coleman,  Harvey  Rutt 

University  of  Southampton,  Department  of  Electronics  and  Computer  Science 
Highfleld,  Southampton,  Hants,  S09  SNH 


Laser  action  in  Neodymium  doped  inorganic  aprotic  solvents  POCIj  and  SeOCIj  has  been  known  for 
many  years,  but  there  has  been  little  work  in  this  field  recently.  Very  little  work  has  been  reported 
on  ions  other  than  Nd’\  The  ability  to  readily  change  the  dopant,  vary  concentrations,  add  co-dopants 
etc  at  low  cost  is  attractive,  and  using  modem  laser  techniques  it  is  possible  that  these  materials 
might  again  be  useful.  In  particular  there  are  a  variety  of  possible  solvents  which  have  not  been 
exploited  to  date  which  offer  the  possibility  of  tailoring  the  non-radiative  rates  of  the  various  levels 
for  the  particular  transition  required. 

As  an  initial  stage  in  this  program  we  have  prepared  solutions  of  Pr**  and  Nd**  in  high  purity  (fibre 
optic  grade)  POClj.  All  operations  were  carried  out  under  dry  nitrogen.  Pure  anhydrous  neodymium 
trichloride  (99.996)  and  praseodymium  tribromide  (99.996)  were  dissolved  in  a  5:1  molar  mixture  of 
POCIj  and  SnCl4  by  heating  and  stirring,  giving  clear  lilac  and  green  solutions  respectively.  The 
material  must  be  kept  slightly  warm  to  avoid  crystallization. 

The  reaction  was  monitored  by  Fourier  transform  infrared  spectroscopy.  In  pure  POClj  a  strong  band 
occurs  at  1292cm-l,  assigned  to  the  P-0  stretch.  In  the  solutions  an  additional  band  appears  at 
1209cm-l  (figure  1),  which  is  not  present  in  the  solutes.  This  band  is  also  seen  in  POClj  acidified 
with  ZrCl^,  and  this  strongly  suggests  that  it  is  due  to  acidified  POClj  species,  possibly  POjClj.  Even 
in  10cm  path  spectra  no  evidence  is  seen  of  OH  absorption  bands,  confirming  the  high  purity  of  the 
solutions.  Infrared  spectroscopy  is  thus  an  excellent  way  to  monitor  purity  and  investigate  the 
solvation  mechanisms. 

Fluorescence  spectra  of  the  Pr^*  solution  were  excited  with  the  488nm  argon  laser  line  and  recorded 
by  photon  counting ,  figure  2.  The  spectrum  Is  broadly  as  expected  for  this  ion  In  an  oxide  host.  The 
strong  fluorescence  at  -^OOnm  is  ‘Dj  to  ’H4  and  shows  a  '•40uS  iifetime.The  640nm  fluorescence  is 
’Pg  to  ’Fj  and  shows  a  short,  <5uS  lifetime  owing  to  fast  non-radiative  relaxation  to  ‘Dj . 

For  Nd*^  the  argon  476nm  line  was  used,  and  strong  fluorescence  observed  at  both'-805nm  and  860- 
900nm  (figure  3)  with  essentially  identical  lifetimes  of  ~240uS  (figure  4).  The  longer  waveiegth  band 
is  as  expected,  from  to  the  ground  state,  X/j,  but  the  long  lifetime  and  strong  fluorescence  on 
the  ~805nm  line,  ^Fj/j-X/j,  is  surprising  in  view  of  its  proximity  to  ^Fj/j* 

We  shall  report  systematic  studies  of  the  effect  of  the  choice  of  solvent,  Lewis  acid  and  lanthanide 
ion  on  the  laser  potential  of  these  inorganic  liquid  systems,  with  a  particular  view  to  obtaining  laser 
action  in  regions  of  the  mid  Infrared  where  few  lasers  are  readily  available.  The  authors  would 
particulally  like  to  acknowledge  the  assistance  of  Dr  W  S  Brockelsby  with  the  fluorescence 
measurements. 
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FIGURE  1 


FIGURE  2 


IR  Spectra  of  the  Solvent  System 


Pr^'*'  Fluorescence  Spectrum 
48Bnm  excitation 


FIGURE  3 
34. 

Nd  Fluorescence  Spectrum 
476nffi  excitation 


FIGURE  4 

Decay  of  the  BOSnro  and  870  nm 
fluorescence 


Time  (s) 
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Conitructlon  of  a  nulling  bridgf*type  dispersive  interferometric  spectrometer 

in  the  millimeter  wave  region 

Masanori  Hangyo,*  Shin>ichi  Nakas'iima,**  Yuiaka  Aoki**,  K.  Sakai*** 

*Rcscarch  Center  for  Superconducting  Materials  and  Electronlca,  Osaka  University 
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AUSIRACr 

A  nulling  bridge-type  dispersive  Interferometric  spectrometer  has  been  conairucied  to  measure  complex  refractive 
Indices  of  solids  In  the  mllilmeler  wave  region.  The  complex  refractive  indices  of  doped  SI  and  OaAs  wafers  are  obtained  in  the 
1 10  - 170  GHz  region  and  their  dispersion  is  analyzed  based  on  the  Drude  model.  The  electrical  resisllvily  estimated  from  the 
Orude-model  fitting  agrees  well  with  that  measured  by  the  dc  four-point  probe  method. 

LUMIRODUCnOM 

There  has  been  considerable  Interest  in  the  spectroscopy  In  the  mllltmoler  and  submilllmoter  wave  regions,  which  lie 
between  the  far-inhared  and  microwave  regions.  The  spectromoters  using  backward  wave  oscillstun  (BWOs)  as  mdiation  sources 
have  been  developed  by  several  groups,'*^  These  spectrometers  have  enabled  us  to  obtain  complex  refractive  Indices  through  the 
measuromonti  of  the  transmittance  and  phase  shift  of  the  electromagnetic  wave  after  pusing  through  samples,  However,  those 
spectrometers  are  not  suitable  for  opaque  samples  because  of  the  difficulty  In  measuring  the  phase  shift  of  the  weak  transmitted 
electromagnetic  wave.  Further,  standing  waves  formed  between  sample  surfaces  and  a  horn  antenna  of  the  radiation  source 
prevent  one  from  measuring  the  refractive  Index  precisely.  Here,  we  ro|mrt  a  newly  designed  nulling  bridge-type  intorferomotric 
spectrometer,  which  gives  us  the  roflectlvity  and  the  phase  shift  of  the  oiectromagnelic  wave  reflected  by  samples.  This 
spectrometer  consists  of  a  modiiled  Mlchelson-type  interferometer  and  avoids  the  standing  wave  between  the  sample  surfaces  and 
the  horn  antenna  bv  the  nulling-bridge  measurement.  Application  of  the  spoctromotor  to  the  moasuremonts  of  the  complex 
refractive  Indices  of  relatively  highly  doped  SI  and  OaAs  wafers  (.1  x  10*^  ~  7  x  10'^  cm'^  Is  demonatratod. 

2.  f  lllMUP1^0£JrlfiASUlllNG.C0Mi*i£XMFMCm  ItfmCfiS 

We  consider  a  case  in  which  a  eloctromagnollc  wave  of  a  wavelength  h  Is  incident  normally  on  a  sample  with  a 
complex  refractive  index  n-lK  and  thickness  d.  Hy  taking  account  of  the  multiple  reflections  at  the  sample  surfaces,  the 
reflectivity  R  and  phase  shift  4  sro  expressed  as  follows, 

R.  Re«44Esln*N} 

(l.RoE)*+4RoEsin  *(q)+N) 

4  -  «+q>+tan ' '  (?N)+RgE'sln  ^  ^2) 

Ecfls  (2N)-l-RaE>cos  (2q))fRoEcoa  {2(ip^N)i  ' 

whore 

VRoexp(-h|»)  p  i'h+iK  ,  E  p  oxp(-4n  KdA)  and  N  ■  2n;ndA.. 
l+n-hc 

Since  R  and  4  are  a  function  of  only  n  and  k,  n  and  k  are  obtained  hrom  the  measured  values  of  K  and  4> 

3.  AMULUNO  UKIUQE-TYPE INTEKFERUMETRIC  SPBCTROMETEK 

Figure  1  shows  a  nulling  bridge-typo  interforometrlc  spectrometer  for  measuring  the  reflectivity  and  phase  shift  of  the 
electromagnetic  wave  reflected  by  the  sample.  The  millimeter  wave  generated  by  BWQ  (SlomciiN  RW()170S)  and  omitted  Into 
a  free  space  from  a  horn  antenna  L  Is  focused  by  a  ellipsoidal  mirror  M.  with  a  fcKal  length  of  1 47.6  mm.  Thu  vortlcally 
polarized  millimeter  wave  passes  through  a  beam  splitter  BS,  (wire  grio)  and  Is  divided  by  a  beam  splitter  BH.  Into  two  beams 
(sample  and  reference  beams)  being  cross-polarized  with  each  other.  The  sample  beam  Is  reflected  by  a  sampfe  with  rofloctlvlty 
R  and  accompanying  a  phase  shift  4.  The  reforenco  beam  is  reflected  by  a  mirror  0,  which  is  made  of  a  wire  grid.  The 
iiitonsily  and  phase  of  the  rofloctod  beam  are  changed  by  rotating  the  wire  grid  (see  Fig.  1)  and  translating  O  along  the  optical 
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path,  leipectively.  The  betmt  reflected  by  the 
Minple  and  mirror  O  are  deflected  by  BS,  and 
detected  by  a  pyroelectric  detector  D.  The  mirrora 
ML  and  M^e  ellipsoidal  mirrors  of  the  same 
type  with  M,.  The  sample  arm  (M.  and  the  sample) 
,  the  reference  arm  (M,  and  O)  ana  BS,  compose  a 
Michelson-type  Interferometer.  The  signal  of  the 
detector  becomea  zero  when  the  waves  from  the  two 
aims  are  out  of  phue  with  each  other  kind  balanced 
In  Intensity.  R  and  4  can  be  obtained  from  the 
rotation  angle  of  the  wire  grid  and  the  position  of 
the  reflsrenoe  mirror  which  give  zero  output.  The 
arrangement  of  the  wire  grids  Is  shown 
schsmatlcaUy  In  the  figure.  By  Inserting  a 
polarizer  P.  one  can  avoid  the  beams  reflected  from 
the  sample  and  O  to  return  to  a  horn  antenna  when 
the  signal  of  the  detector  Is  zero,  and  this  prevents 
the  unMiired  influence  of  the  standing  wave  formed 
between  the  sample  surfaces  and  the  horn  antenna 
on  the  measurements. 


Pig.  1.  Scematlc  diagram  of  the  nulling  bridge-type 
Interferometric  spectrometer. 


4..MJBASUBEMENTS  QP  CQMPLBXJLEPRACTIVB  INDICES  QF  SUNDOaAa  WAFERS 


to 


The  complex  refractive  indices  measured  for  an  n*lype  Si  wafer  with  resistivity  0.13  Qcm  are  shown  in  Fig.  2.  It  Is 
difficult  to  measure  the  complex  reflective  Index  of  this  sample  by  our  Mach-Zehnder  type  interferometric  spectrometer  because 
of  the  weak  Intensity  of  the  transmitted  wave.*  The 
refractive  index  n  is  considerably  larger  than  the  value 
of  3,42  of  81  wafers  with  high  resistivity  (  >  100 
Qcm).  The  solid  lines  show  fitting  by  the  Drude 
model.  In  which  the  density  and  relaxation  time  of 
carriers  are  taken  as  parameters.  We  have  measured  the 
complex  refractive  indIcN  of  Si  and  QaAa  wafers  with 
do  resistivity  p.,  of  10'  ~  10  Qcm.  The  resistivity 
can  be  obtajned  from  the  equation,  m‘/NeH,  where 
N,  t  and  m  are  the  density,  relaxation  time  and  effective 
mass  of  carriers,  respectively,  and  e  is  the  electronic 
charge.  The  agreement  between  p^and  p  Is  good, 
which  demonstrates  the  uaefrilness  of  the  nulling  bridge- 
type  Interferometric  spectrometer  for  measuring 
resistivity  of  semiconductors  of  10' ~  lOQcm.  Together 
with  the  Mach-Zehnder  type  Interferometric 
spectrometer,*  resistivity  of  semiconductors  In  the  range 
of  10  *  -  3  K  lO*  Qcm  can  be  measured  contactlessly 
by  the  millimeter  waves, 
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Fig.  2.  Complex  refractive  Indices  of  the  Si  wafer  with  the 
dc  resistivity  of  0.13 Qcm. 
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ABSTRACT 

It  was  anticipated  that  ferrimagnetlc  hexagonal  compounds  such  as  BaFei20 19.  SrFe]20i9  and 
SrAl2FeioOi9  have  magnetic  resonance  absorptions  at  frequencies  beyond  30  GHz.  We  have  mixed 
powder  specimens  of  such  materials  and  deposited  in  paint  ibrm  on  one  aurfbce  of  a  optically  polished 
Aised  silica  glass  substrate.  The  ferromagnetic  resonance  was  then  studied  as  functions  of  applied 
external  magnetic  field  Intensity,  specimen  thickness  and  continuous  frequency  at  millimeter  wavelength 
region.  A  new  dispersive  Fourier  transform  spectrometer  was  designed  and  constructed  to  measure  the  real 
and  imaginary  parts  of  complex  magnetic  permeability  and  real  and  imaginary  parts  of  complex  dielectric 
permittivity  as  a  continuous  (\mction  of  frequency  from  about  10  mm  wavelength  to  up  to  one  millimeter 
wavelength  range. 


INTRODUCTION 

It  is  necessary  to  separate  out  two  magnetic  parameters  from  two  dielectric  parameters  either 
experimentally  or  by  the  use  of  perturbation  theory.  It  Is  preferable  to  use  the  experimentnl  separation  at 
millimeter  wavelength  region.  The  experimental  separation  utilizes  the  induced  ferromagnetic  resonance 
phenomena  and  the  quenching  of  the  magnetic  effect  at  frequencies  below  the  resonance  frequency.  It  is 
explnined  here.  A  spinning  electron  in  a  magnetic  field  has  a  precesslonal  frequency  coq  *  yH*  where  y  is 
the  gyromagnetic  ratio  and  H  is  a  vector  summation  of  the  d-c  magnetic  field  within  the  material  iciuding 
the  field  induced  by  an  external  magnetic  field  perpendicular  to  the  material  and  an  a-c  microwave  magnetic 
field  of  frequency  00 .  The  a-c  field  must  be  applied  at  right  angle  to  the  d-c  Held.  The  power  of  the  a-c 
field  can  be  much  smaller  than  the  d-c  field,  but  the  angle  if  of  great  concern,  llie  condition  of  the  magnetic 
resonance  Is  o)  "  27Tf  ■■  yH.  If  the  resonance  condition  is  satisfied,  we  will  hove  the  corresponding 
magnetic  lesonance  by  changing  the  value  of  the  external  applied  magnetic  Held  intensity.  It  is  Important 
that  we  have  a  continuous  coverage  of  frequency  from  microwave  to  submillimeter  wave  range  to  observe 
the  ahifling  of  the  induced  resonance  line  towards  higher  frequency  as  the  applied  magnetic  field  intensity 
is  increased.  With  a  large  value  of  external  applied  magnetic  field  Intensity  (e.g.  1 10,000  gauss),  the 
induced  resonance  line  position  for  a  cubic  ferrite  material  will  move  to  about  330  GHz.  Below  about  270 
GHz,  the  material  will  be  free  from  any  magnetic  effect.  The  use  of  dispersive  Fourier  transform  technique 
will  then  yield  continuous  data  of  the  real  (e')  and  Imaginary  {t")  parts  of  complex  dielectric  pemiittivity 
over  the  frequency  range  30  -  270  GHz.  The  application  of  dispersive  Fourier  transform  spectroscopy  on  a 
magnetic  specimen  without  the  Influence  of  external  magnetic  field  yields  data  in  which  the  real  Cm')  and 
Imaginary  (p")  parts  of  complex  magnetic  permeability  contributions  are  also  present  together  with  real  (e') 
and  imaginary  (e")  parts  of  complex  dielectric  permittivity.  Once  one  set  of  data  (e'  and  e")  are  known,  the 
other  set  (p'  and  p")  can  simply  be  separated  out  from  combined  data,  via  Maxwell's  equations 


*  This  research  program  is  supported  by  the  U.S.  Army,  Contract  Number  DAHC90-93-C-0027 
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The  use  of  a  larger  optics  (100mm),  doubling  of  usual  mercury  lamp  source  power  and  a  guiding  optics 
enabled  us  to  incieuse  the  energy  throughput  of  a  Fourier  transform  spectrometer  at  30  Gliz.  A  new 
indium  antimonide  detector  was  fabricated  to  absorb  more  encregy  at  millimeter  wavelength  region.  A 
bridging  technique  was  utilized  to  translate  optical  energy  to  gigahertz  region.  We  have  not  repotted  any 
result  with  the  new  detector  yet.  Results  presented  In  this  paper  was  obtained  with  a  standard  indium 
antimonide  detector. 


Figures  14  show  data  as  a  continuous  iUnction  of  frequency  over  the  frequency  range  40-210  GHz  for 
a  SrAl2FeioOi9  for  the  real  and  imaginary  parts  of  complex  dielectric  permittivity  attd  real  and  Imaginary 
parts  of  complex  magnetic  permeability.  Figure  2  suggests  that  a  strong  broad-band  microwave- 
millimeter  wave  dielectric  absorption  band  is  present  in  this  material.  The  intaginary  parts  of  magnetic 
permeability  spectrum  shews  n  magnetic  resonance  absorption  .it  about  70  GHz  and  the  corresponding 
dispersion  through  the  resonance  band  can  be  seen  in  the  real  part  of  permeability  data 
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ABSIBACI 

Frequency  agile  sources  for  future  electron  cyclotron  wave  (ECW)  systems  require  broadband  windows  that  are 
suitable  for  high-power  transmission  (>  0.S  MW)  in  the  millimeter  wave  range.  While  the  relative  bandwidths  of  single-disk  or 
double-disk  windows  used  in  conventional  monofrequent  systems  are  of  the  order  of  1  %,  the  future  systems  require  for 
bandwidths  of  10  %  or  even  more  (e.g.  >  60  %  for  the  POM-Pusion-PEM  ')•  A  description  of  the  different  window  types 
under  consideration  and  first  results  of  a  development  of  suitable  windows  have  been  reported  in  This  paper  presents  an 
improved  test  apparatus  as  well  as  our  latest  experimental  and  theoretical  results  about  broadband  windows. 

2.  APPARATUS  FOR  LOW-PQWER  TESTS 

For  experimental  Investigations  a  test  apparatus  is  required  which  provides  swept  frequency  measurements  of 
reflection  and  transmission  of  a  fundamental  Gaussian  beam  (TEMoo)  on  a  window  under  test  (WUT).  The  setup  described  in  > 
has  been  improved  by  modifications  that  substantially  increase  the  dynamic  range  for  reflection  measurements.  Fig.  1  shows 
the  new  setup.  It  uses  the  scalar  network  analyzer  (SNA),  described  in  detail  in  ^  which  has  been  modified  to  offer  a 
transmission  dynamic  range  of  >  70  dB,  The  SNA  has  been  connected  to  a  Gaussian  beam  path  that  includes  a  quasi-optical 
directional  coupler  (QDC)  composed  of  a  dielectric  beam  splitter  and  a  low  reflectivity  absorber.  From  source  port  A  of  the 
SNA  the  generated  millimeter  wave  signal  is  fed  to  a  scalar  feed  horn  where  it  is  converted  to  a  TEMoo  beam.  This  beam  is 
guided  via  a  1st  ellipsoidal  metallic  mirror,  through  the  QDC  (located  in  the  Ist  beam  waist),  and  via  a  2nd  mirror  towards  a 
2nd  beam  waist  where  the  WUT  is  located.  The  portion  of  the  incident  beam  transmitted  by  the  WUT  is  matched  by  mirror  3** 
to  the  transmission  horn  connected  to  the  receiver  port  B  of  the  SNA.  The  portion  of  the  incident  beam  reflected  at  the  WUT 
reaches  mirror  3*  via  mirror  2  and  the  coupling  path  of  the  QDC.  Mirror  3*  refocusses  the  beam  towards  the  reflection  hom 
connected  to  port  B.  The  selection  between  transmission  and  reflection  measurements  is  performed  by  a  waveguide  switch  at 
the  receiver  port.  For  reflectometry  the  beam  has  to  be  dissipated  behind  the  window  by  a  sufficiently  low-reflecting  absorber. 
Since  all  the  horns  and  mirrors  are  arranged  confocally.  the  frequency  dependence  of  the  size  and  the  location  of  the  beam 
waists  where  the  WUT  and  the  receiving  horns  are  locat^  is  cancelled  out  (see  e.g.  *  for  Gaussian  beam  telescope).  Whereas 
in  the  previous  setup  the  dynamic  range  for  reflection  measurements  was  limited  by  the  directivity  of  the  waveguide 
directional  coupler  to  about  2S  dB,  the  QDC  now  provides  a  dynamic  range  of  >  60  dB  over  almost  the  full  frequency  range  of 
1 17  to  147  GHz  (Fig.  2).  The  high  directivity  of  the  QDC  is  determined  by  the  extremely  low  reflectivity  of  the  absorber  used 
(Brewster  plate  made  of  Macor,  d  ■  10  mm,  backed  with  absorbing  foam). 

3.  EXPERIMENTS 

Fig.  3  shows  the  results  obtained  with  a  window  made  of  polycrystalline  (p.c.)  AI2O3  ceramics  (e,  ■  9.65)  where  both 
surfaces  are  corrugated  with  parallel  grooves  having  almost  rectangular  cross  section.  The  electric  field  vector  was  oriented 
parallel  to  the  grooves.  For  numerical  calculations  ^it  has  been  assumed  that  the  window  Is  composed  of  221  thin  dielectric 
layers  (grooves:  2x110,  center;  1)  each  having  a  homogeneous  effective  permittivity  e,^  For  each  layer  e,.^has  been 
determined  by  {a-¥(d-a)er)ld  with  the  groove  spacing  d  and  the  groove  width  a  from  the  geometry  of  the  real  profile. 

Figs.  4  and  5  show  results  obtained  from  an  antireflection  coated  window  designed  for  a  center  frequency  of 
140  GHz.  Fig.  4  shows  the  reflectivity  of  the  pure  subsuate.  Fig.  S  gives  the  reflectivity  of  the  window  assembled  with  the 
coatings.  Although  this  type  of  window  already  meets  most  of  the  bandwidth  requirements  it  Is  not  suitable  for  high-energy 
transmission  due  to  its  rather  large  total  absorptivity  of  >  1  %. 
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Fig.  1:  New  apparatus  for  meas> 
iirlng  the  frequency  d^ndence 
of  reflection  and  transmission  of 
a  fundamental  Gaussian  beam 
(TBMoo)  in  windows. 


Fig.  2;  Minimum  detectable  reflectivity  (in  dB)  for  TBMoo  Fig.  3:  Measured  and  calculated  reflectivity  (in  dB)  of  a  p.c. 
achieved  with  the  new  apparatus.  alumina  disk.  Both  surfaces  are  corrugated  with  parallel  groo¬ 

ves  having  almost  rectangular  cross  sections  (B II  grooves). 


Frtquinoy  /  GHi  Fraquiney  /  GHi 

Fig.  4:  Measured  and  calculated  reflectivity  (in  dB)  of  a  Fig.  5:  Measured  and  calcul.  reflectivity  (in  dB)  of  a  coated 

pure  substrate  disk  made  of  D- 13  Mg-Ti  ceramics  from  window:  Substrate  as  in  Fig.  4;  Coatings  made  of  fused  SiOj 

Trans-Tech  Inc.  (dj « 1.91  mm  and  -  13.5).  (Infrasil  1)  flom  Heraeus  Inc.  {dc  -  0.82  mm  and  Cfc  ”  3.81). 
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abstract 

The  temperature  dependence  of  the  near  millimetre  wavelength  optical  constants  of  some 
potential  window  materials  for  fusion  plasma  diagnostics.  Including  high  power 
applications,  are  discussed,  The  measurements  cover  the  frequency  region  from  90  to 
430  QHz,  with  specimen  temperatures  from  20  to  1000  C. 

l..„lNTBQP.yg1iaM 

At  the  present  time  various  vacuum  windows  for  use  in  millimetre  wave  diagnostics  on 
JET  are  being  replaced  or  Installed.  Some  of  these  windows  will  be  double  element 
structures  with  a  vacuum  interspace  in  order  to  safeguard  the  Integrity  of  the  main 
torus  vacuum,  others  will  be  single  elements.  In  either  ease  it  will  be  necessary  to 
optimise  several  window  characteristics,  aiming  at  Invariance  of  transmission  with 
radiation  frequency  (no  rapid  changes  due  to  channel  fringes),  insensitivity  of 
optical  performance  to  temperature  over  a  large  range,  low  reflection  losses,  visible 
alignment  of  the  diagnostic  system,  and  the  ability  to  handle  high  millimetre  wave 
powers  and  avoid  thermal  runaway  effects. 

In  order  to  achieve  such  optimisation  It  is  necessary  to  have  available  quantitative 
information  on  the  temperature  dependence  of  the  spectral  variation  of  the  optical 
constants  of  potential  window  materials.  As  there  is  little  such  data  available  In  the 
literature  this  paper  will  present  the  results  of  such  measurements  on  a  number  of 
materials  relevant  to  some  of  the  JET  diagnostics.  The  general  measurement 
requirements  include  the  following:  to  cover  frequencies  from  70  to  230  QHz  with  a 
resolution  of  30  QHz,  to  achieve  measurement  temperatures  between  20  and  1000  C  both 
with  an  absolute  accuracy  and  a  uniformity  across  the  window  of  ±10  C  for  temperatures 
<230  C  and  ±20  C  for  higher  temperatures,  to  have  a  measurement  geometry  in  which  the 
radiation  passing  through  the  window  has  a  near  plane  wavefront. 


2.  EXPERIMENTAL 

Measurements  were  made  of  the  optical  constants  of  a  number  of  materials  of  Interest 
using  the  technique  of  dispersive  Fourier  transform  spectroscopy*  ‘ .  In  this  the 
specimen  Is  placed  within  one  of  the  two  active  arms  of  a  two  beam  Interferometer  and 
its  complex  insertion  loss  measured.  The  optical  constants  can  then  be  calculated 
without  approximation  from  the  Insertion  loss.  The  Interferometer  used  for  this  work 
was  a  polarising  wire  grid  Instrument  with  an  electrically  heated  furnace  built  into 
the  fixed  mirror  arm.*^^ 


With  this  spectrometer  measurements  could  be  made  over  the  frequency  region  from  about 
90  QHz  to  2  THz,  although  In  this  work  It  was  only  used  to  430  QHz.  The  furnace  was 
such  that  measurement  temperatures  from  ambient  room  temperature  up  to  1100  C  could 
be  achieved. 
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RESULTS 

Typical  measurements  of  the  refraction  spectrum  of  a  low  water  content  fused  silica 
(Petrosll)  at  temperturos  between  20  and  1000  C  are  shown  In  figure  1.  The  data  were 
not  corrected  for  thermal  expansion  from  the  room  temperature  thickness.  However, 
calculations  based  on  typical  values  for  the  coefficient  of  linear  expansion  Indicate 
that  the  1000  C  spectrum  of  figure  1  would  be  0.0004  too  high.  The  spectra  shown  were 
each  the  average  of  6  Independent  determinations.  Their  reproducibility  was  such  chat 
the  level  of  random  error  in  the  measurements  was  less  than  0.0001,  well  below  the 
measurement  requirement.  In  the  presentation  the  results  of  such  measurements  on  both 
the  refraction  and  absorption  spectra  of  a  number  of  materials  will  be  presented  and 
discussed. 
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Figure  1.  The  refraction  spectrum  of  a  Petrosll  specimen  at  temperatures 
from  20  to  1000  C. 
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ANTI-REFLECTION  TREATMENTS  FOR  JET  MILLIMETRE  WAVE  DIAGNOSTIC  WINDOWS 

T  P  Hughes,  S  D  Richards  and  D  V  Bartlett 
JET  Joint  Undertaking,  Abingdon,  Oxfordshire  0X14  3EA,  UK 

This  paper  discusses  low-power  windows  for  mlllimetre-MWive  diagnostics  on  the  JET  torus.  When  tritium  is  used  as  a 
fosion  foci  in  JET  repairs  will  be  difflcult  on  the  radioactive  machine  and  additional  precaudons  must  be  taken  to  avoid 
vacuum  leaks.  Double,  interpumped  vacuum  windows  will  be  necessary.  Window  design  is  forther  restricted  by  the 
requirement  Hut  the  bond  between  the  window  Itself  and  its  supporting  forrule  must  withstand  repeated  cycling  to  a 
working  temperature  of  about  2S0*  C.  The  most  satisfhctory  arrangement  for  low  power  millimetre  waves  uses  z-cut 
crysttl  quartz  windows,  gold  dlflbsion  bonded  to  stainless  steel  ferrules,  u  manufectured  by  the  Special  Techniques 
Group  of  A  B  A  Technology.  Where  possible  wedged  windows  are  avoided  for  ease  of  alignment. 

Even  with  a  single  window  multiple  reflections  cause  the  transmission  to  be  slgnlflcanUy  frequency  dependent.  Figure 
1(a)  shows  the  calculated  intensity  transmission  spectrum  for  a  6  mm  quartz  window,  assuming  n  2. 1  over  the 
frequency  range.  With  double  windows  the  addlUonal  reflections  in  the  multiple  etalons  cause  the  transmission  to  be 
strongly  frequency  dependent  and  create  severe  problems  for  the  diagnostic  systems.  Temperature  effects  are  also 
important.  Figure  1(b)  shows  die  intensity  trans^ssion  spectrum  for  two  6  mm  windows  separated  by  S  mm. 


Fr*qu«noy  (QHx)  Frtqutncy  (QHi) 

Fltture  1(a)  Pliture  Kb) 

In  principle  there  are  several  ways  to  Improve  the  transmission  spectrum,  but  the  various  millimetre  wave  diagnostics 
on  JET  operate  over  different  frequency  ranges,  with  different  resolutions,  and  must  be  considered  separately.  Tlie  most 
generally  usefril  approach  would  be  to  treat  each  of  the  window  surfeces  to  create  a  refractive  index  gradient,  such  as  the 
"moth  eye"  structure  described  by  Ma  and  Robinson  [I],  This  would,  however,  weaken  a  crystalline  window 
substantially  and  would  be  unlikely  to  be  acceptable  on  JET.  A  possible  variant  would  be  to  create  such  a  structure  on  an 
independent  plate  of  similar  refractive  index  to  the  crystal  quartz  and  attach  it  witli  a  thin  layer  of  adhesive. 

For  the  receiver  of  the  alpha  particle  and  fest  ion  collective  scattering  diagnostic  (J  A  Hoekzema  gtjl.,  this 
conference)  the  use  of  quarter  wave  layers  of  suitable  refractive  index  would  give  good  results  over  the  134  to  146  GHz 
frequency  range  of  interest.  The  surfece  feeing  the  torus  vacutun  will  probably  have  to  be  left  uncoated.  Figures  2(a)  and 
(b)  show  the  transmission  spectrum  for  two  windows  of  optical  thickness  6  X  at  140  GHz,  with  layers  on  all  but  the 
first  surfece,  separated  by  a  gap  of  2'A  X.  The  transmission  varies  by  less  than  ±  1  %  over  the  frequency  range  134  to  146 
GHz  (Figure  2a),  but  over  the  wider  range  used  for  ECE  diagnostics  this  solution  Is  unsatisfectory  (Figure  2b). 

A  suifeble  material  for  the  X/4  layer  must  withstand  temperatures  up  to  250"C  and  will  have  the  following  properties; 

1 .  refractive  index  near  the  square  root  of  that  of  crystal  quartz  at  the  working  temperature 

2.  thermal  linear  expansion  coefficient  similar  to  that  of  crystal  quartz 

3.  low  absort>tlon  near  140  GHz. 

Measurements  on  possibly  suitable  plastics  are.  itow  in  progress  at  NPL  (J.R. Birch  enH.,  this  conference). 
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An  alternative  solution  for  the  collective  scattering  diagnostic  is  to  tilt  one  (or  both)  windows  and  separate  them  so 
that  there  is  no  reflection  from  the  second  to  the  flrst.  The  two  window  etalons  are  now  independent  and  the  overall 
power  transmission  is  the  product  of  the  individual  transmissions.  If  one  window  has  a  maximum  and  the  other  a 
minimum  in  transmission  at  140  GHz,  the  result  is  a  smooth  transmission  spectrum  over  the  range  of  interest,  but  at  the 
cost  of  some  polarization  dependence  and  the  loss  of  about  half  the  power.  Figure  2(c)  shows  the  calculated  result  for 
two  quartz  windows,  thicknesses  6.074  and  6.339  mm  inclined  at  20°  to  the  beam  axis. 
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Figure  2(a)  Figure  2(b)  Figure  2(c) 

Provided  the  frequency  resolution  required  is  no  better  than  S  or  10  GHz,  it  is  possible  to  obtain  a  flat  transmission 
spectrum  over  a  wide  bandwidth,  as  required  for  the  BCE  Michelson  interferometer  diagnostic,  by  using  very  thick 
windows  with  a  large  spacing  Instead  of  the  usual  wedged  windows.  Figure  3(a)  shows  the  transmission  spectrum  of  two 
quartz  windows  100  mm  thick  separated  by  a  space  of  210  mm  (such  an  assembly  might  be  constructed  vdthin  a 
waveguide).  Averaging  over  S  GHz  channel  bandwidtiis  removes  the  flne  structure  and  gives  the  almost  flat  spectrum 
shown  in  Figure  3(b).  There  is  however  a  power  loss  of  about  30%. 


Frequency  (QHi)  Central  Irequency  (Q Hi) 


Figure  3(a)  Figure  3(b) 

The  most  difflcult  problem  arises  with  the  BCE  heterodyne  radiometer,  wliich  has  high  resolution  ( 230  to  300  MHz) 
over  a  wide  bandwidth  (70  to  140  GHz),  'rhe  development  of  a  moth  eye  structure  seems  to  be  the  most  promising 
solution. 
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InttBdufittQtt 

Windowi,  which  provida  tite  barriar  to  maintain  tha  vacuum  envelope  in  a  microwave  tube/  are  critical 
componenta  in  hi{^>avarage*power  microwave  aourcea,  eipeclally  at  millimeter  wavelengtha.  Aa  RF  power 
levala  approach  tlw  lOO'a  of  kWa  to  1  MW  range  (CW),  the  window  aaaembly  experience!  aevere  thermal  and 
mechanical  atreaaea.  Depeivling  on  the  source,  the  bandwidth  of  the  window  may  be  leas  than  1  CHs  for 
gyrotron  oscillators  or  up  to  "20  GHa  for  the  FOM  histitute's  fast-tunable,  free-electron-maser  [1].  The 
bandwidth  requirements  give  rise  to  a  number  of  window  configurations  where  the  common  goal  is  locally 
distributed  heat  dissipation.  In  order  to  better  understand  the  transmission  and  RF  properties  of  th^  microwave 
structures,  we  use  detailed  timeslependent  field  solvers. 

PiildCfldtl 

A  number  of  time-dependent  field  solvers  [2]  have  been  developed  to  exantine  Wakefields  in  electron  and  heavy 
ion  accelerators  as  well  as  traditional  scattering  and  radiation  problems.  These  algorithms  work  both  on  logically 
regular  as  well  as  completely  uiutructured  meshes.  The  basic  algorithm  has  also  been  modified  to  handle  both 
magnetically  and  electrically  dispersive  materials.  Typically,  the  numerical  solutions  are  SKond  order  accurate 
and  conditionally  stable.  The  practical  limitation  to  application  of  the  codes  involves  the  electrical  slse  of  the 
structure  to  be  modeled.  To  obtain  the  proper  special  resolution  requires  -10  mesh  points  per  wavelength 
cormpondlng  to  the  highest  frequency  of  interest.  In  pnctico,  large  computational  problems  in  3-D  (volumetric) 
are  10^  in  size. 

Appllcition  end  Reiulf 

An  ongoing  window  program  at  KfK  has  been  aimed  at  developing  high-power,  broadband  windows  [3].  As  a 
start  in  analyzing  wideband  windows  using  general  field  codes,  we  examined  the  corrugations  in  the  concentric 
grooved  window  (Figure  1).  The  groove  period  is  X/3  and  the  groove  depth  is  X  referenced  to  140  GHz  In  free 
space.  We  launched  a  TEq^  (E  parallel  to  grooves),  140-GHz  (120%  in  frequency)  pulse  and  obtained  98% 
transntisslon  in  power  (Figure  2).  Adiabatic  theory  was  inadequate  to  account  for  the  physics  of  the  match.  In 
fact,  the  corrugations  were  found  to  focus  the  RF  into  the  bulk  dielectric  portion  of  the  window.  As  can  be  seen  in 
Figure  3,  the  peak  field  Intensity  occurs  in  the  corrugations. 

A  cropped,  adiabatlcally  tapered  window  with  almost  triangular  corrugations  (rectangular  symmetry)  was 
fabricated  and  cold-tested  at  KfK.  The  calculational  results  were  obtained  by  exciting  single-frequency,  x-directed 
electric  currents,  thereby  launching  waves  with  E  perpendicular  to  the  grooves.  A  key  aspect  for  maintaining 
stability  of  the  solution  was  to  placo  the  radiating  toundary  conditions  several  wavelengths  from  the  scattering 
surface  of  the  window.  This  prevented  Interaction  of  the  evaneKent  fields  with  the  numerical  radiation  boundary 
condition.  For  diagnostic  purposes,  at  appropriate  transverse  slices  on  the  vacuum  side  of  the  window,  E  x  H  is 
computed  and  summed  over  the  surface  directly  from  the  field  values.  Good  qualitative  agreement  between 
cold-test  reflection  data  and  calculational  results  can  be  found  In  Figure  4.  It  should  be  possible  to  obtain  closer 
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correlation  to  measurennents  through  better  geometrical  fideUty  in  the  model  (e.g.,  finer,  unstructured  mesh). 
However,  examination  of  solution  convergence  awaits  further  analysis. 

vVe  are  currently  examining  the  electrical  effects  of  introducing  distributed  cooling  that  are  discontinuous 
nuiterial  junctions  in  window  structures.  The  nnaterials  include  metal  cooling  strips  or  dielectric  cooling  channels. 
By  exploiting  the  focusing  effect  of  the  corrugations,  we  hope  to  obtain  good  trar^smisslon  characteristics  over  a 
wide  bandwidth. 

Future  work  will  involve  coupling  the  RP  calculations  for  the  window  assembly  to  thermahmechanlcal  codes.  A 
further  goal  will  be  to  set  up  the  capability  of  running  the  EM  field  codes  in  pulse  mode  in  order  to  obtain 
spectral  resolution  in  the  transndsslon  curves  proportioruil  to  the  length  of  simulation  time  in  only  o  single  run. 
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1.  Abstract 

In  mm-wave  systems  for  ECRH  using  the  HEi  i  hybrid  mode,  the  maximum  transmitted  power  is  limited  by 
the  strongly  peaked  thermal  load  in  the  vacuum  barrier  window.  In  this  paper  we  present  mode  converters  at 
140  GHz  which  create  a  mixture  of  HEin  hybrid  modes  in  cormgatecf  waveguides.  Such  a  mode  mixture 
yields  a  more  uniform  power  density  than  HE]  i  mode  in  the  section  where  the  window  is  placed,  and  a 
Gaussian  distribution  at  the  waveguide  aperture. 

2.  Introduction 

Corrugated  circular  waveguides  carrying  the  hybrid  HEn  mode  arc  generally  used  in  the  mm-wave  ECRH 
experiments  as  high  power  transmission  lines.  Besides  the  good  features  of  low  propagation  losses,  linear 
constant  polarization  and  Gaussian  beam-like  radiation  pattern,  the  HEi  i  mode  has  the  disadvantage  of 
having  a  power  density  distribution  which  is  highly  concentrated  around  the  center  of  the  waveguide  cross- 
section.  As  a  consequence,  a  highly  peaked  thermal  load  heats  the  central  port  of  the  ceramic  barrier  window. 
Moreover,  it  is  difncult  to  remove  heat  from  that  region,  since  the  cooling  system  is  located  around  the 
periphery  of  the  window.  In  the  next  section  we  will  snow  how  a  more  uniform  power  density  distribution 
can  be  achieved  by  a  mixture  of  hybrid  modes,  still  preserving  the  fundamental  good  features  of  the  HEn 
mode.  Reference  is  made  to  a  system  operating  at  140  GHz  with  a  standard  circular  corrugated  waveguide 
with  inner  radius  as:44.45  mm. 

3.  Hybrid  mode  mixture. 

Let  us  consider  an  electric  field  E  consisting  in  a  linear  superposition  of  hybrid  modes  which  can  propagate 
inside  the  corrugated  waveguide.  The  well  known  expressions  of  the  components  of  these  fields  [1]  reveal 
that  E  will  preserve  the  above  mentioned  HE]  i  features  if  only  the  modes  of  HEiic  type  will  be  included  in 
the  superposition.  Therefore  we  focus  our  attention  on  such  fields  E  as  given  by: 

E=aiieii*^^' +  2)  aik®ik*^  is  the  electric  field  of  the  HEjk  mode)  (1) 

k-2,N 

Our  problem  is  to  search  for  a  set  (aik)  giving  (in  a  specific  section  of  the  waveguide)  a  peak  of  E 
signincantly  lower  than  that  of  HE|  i  mode,  when  E  and  the  HEi  i  mode  ore  carrying  the  same  power.  Fig.  I 
illustrates  the  behaviour  of  lEI^  versus  the  normalized  radial  coordinate  r/a,  for  an  optimized  mixture  with 
Nb2  and  3.  In  particular,  a  combination  of  the  HEi  i  and  HE12  modes  alone,  with  coefficients  ai  1  =  1 .  and 
ai2  =  -0.305  allows  halving  the  peak  of  lEP  (noting  that  the  two  modes  ore  out  of  phase);  the  peak  is  located 
at  ir=:0.5a.  In  a  section  of  the  waveguide  0.5  Xb  faway  from  the  window  the  HE|  i  and  HE12  modes  are  in 
phase  (Xb  is  the  beat  -wavelength:  for  a  radius  as:44.45  mm,  Xb~2.9  m  ).In  this  section  the  field  pattern  is 
very  well  matched  (up  to  99.9  %)  to  a  free  space  Gaussian  beam  with  a  wai.st  wo  =  0.504  a.The 
corresponding  radiation  patterns  are  shown  in  fig.  2. 

4.  Quasi-optical  mode  converter. 

Fig.  3  shows  the  geometry  of  a  quasi-optical  mode  converter  which  transforms  the  HEn  ttiode  into  the 
HE]  i-HE|2  optimum  mixture.  The  mode  converter  is  based  on  the  above-mentioned  matchiira  of  the  HE]  1- 
HE|2  mixture  to  a  free  space  Gaussian  beam  with  wq  =  0.504  a.  Since  the  waist  of  the  Gaussian  beam 
corresponding  to  the  HEn  mode  is  0.643  a,  a  shaped  mirror  is  u.sed  to  narrow  the  waist  of  the  reflected 
Gaussian  beam  and  to  focus  it  over  the  input  section  of  waveguide  B.  At  a  distance  of  0.5  Xb  from  this 
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section,  the  two  modes  will  be  out  of  phase,  i.e.,  in  the  best  condition  for  crossing  the  ceramic  window;  at  a 
distance  of  1  they  wilt  be  again  in  phase,  that  is,  in  the  most  suitable  phase  relationship  for  radiating. 

5.  Waveguide  inode  converter. 

The  mode  conversion  from  HEi  i  mode  to  the  HEnc  modes  can  be  achieved  also  by  a  step  variation  of  the 
waveguide  radius,  as  shown  in  fig.  4.  This  discontinuity  has  been  analyzed  by  a  niMe-matching  technique. 
In  order  to  avoid  the  generation  of  the  unwanted  modes  of  EH  type,  the  corrugation  depth  of  the  two 
waveguide  should  be  0.2S  k  A  good  conversion  on  the  HB|2  mode  is  obtained  by  a  waveguide  of  radius 
b=56  mm.  In  addition  to  the  HE12  mode,  a  great  number  of  modes  are  excited,  but  their  level  is  quite  small. 
With  this  converter  the  compute  field  pattern  in  the  waveguide  section  where  the  window  is  placed  is  as 
shown  in  fig.  S.  As  can  be  seen,  again  the  peak  of  the  power  density  is  halved  with  respect  to  that  of  the 
HEn  mode  alone;  the  radiation  pattern  (not  shown  here)  is  theoretically  matched  up  to  99.27%  to  a  free 
space  Oaussian  beam  with  wq  s  0.514  b  (28.8  mm). 

References 
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Fig.  1  •  Field  pattem  of  HE  mode  mixture 
with  N-2  and  N-3 


Fig.  2  ■  Radiation  pattern  of  HBn>HBi2 
mode  mixture 
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stable  larga^aignal  operation  of  gyirotrone  <both  of  and 

type)  haa  been  analysed  with  respect  to  load  (window)  refleotlona 
by  applying  a  network-thaoretioal  approach  (which  was  published  at 
the  16*^^  Conference)  •  Mode  conversion  from  the  desired  mode  has 
been  included.  Restrictions  to  window  tolerances  have  been 
formulated  and  compared  to  measurements. 
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Increase  of  Gyrotron  Window  Carrying  Capacity  Based 
on  Optimization  of  Output  Wavebeam  Structure 
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Institute  qf  Applied  Physics,  Nizhny  No\<gf>rod,  Russia 

SA.  Malygin 

RAD  Institute  *'Salut\  Nizhny  Novgorod,  Russia 

One  of  the  main  fltciors,  which  limit  duration  of  pulses  and  output  |)owers  of  gyrotrons 
operating  in  the  short-wave  part  of  the  millimeter  wavelength  band  in  the  quosi-continuous 
regime  is  heating  of  the  gyrotron  output  window  with  microwave  radiation,  which  in  the  long 
run  can  lead  to  its  destruction. 

Degree  of  local  heating  of  the  window's  material  depends  on  local  intensity  of  the 
microwave  Add  at  this  point.  The  most  critical  are  the  regions  of  the  maximum  intensity  of 
the  Held.  Use  of  traditional  quasi-optioal  converters  and  quadratic  mirrors  within  gyrotrons, 
os  a  rule,  leads  to  distribution  of  the  fleld  at  the  gyrotron  window  with  a  pronounced 
maximum  at  the  window  center.  In  order  to  lower  local  heating  of  the  window  (raise  its 
carrying  capacity)  it  seems  rather  natural  to  change  the  structure  of  the  beam  in  the  window 
region,  having  made  the  maximum  of  the  fleld  distribution  lower.  The  ideal  case  would  be 
quasi -homogeneous  distribution  of  the  fleld. 

Due  to  design  features  of  the  gyrotron  (Fig.  1)  and  quasi-optical  character  of  miciowuve 
beam  propagation  itiside  the  gyrotron,  we  can  achieve  the  required  distribution  of  the 
microwave  beam  fleld  at  the  gyrotron  window  by  means  of  synthesis  of  a  special  (non- 
quadratic)  piofllc  for  the  htst  mirror  only  (Fig.  2). 

We  have  fbund  a  method  to  obtain  the  required  profiles  with  .suflicient  ease. 

This  method  was  used  in  development  of  the  long-pulse  140  OH/  gyrotron  Use  of  a 
specially  profiled  internal  quasi-optic  mirror  gave  more  than  a  two-fold  gain  in  the 
microwave  pulse  duration  (fVom  O.-li  to  l.l  s  for  the  gyrotron  output  power  O.S  MW). 

Figure  3  shows  calculated  distributions  of  field  intensities  at  the  gyrotron  window.  Figure 
4  represents  experimental  distributions  of  fleld  intensities  obtained  by  means  of  an  IR  camera 
at  the  window  of  the  gyrotron,  whose  design  scheme  included  a  mirror  calculated  by  means 
of  the  said  method. 


Fig.l.  Soheme  of  the  gyrotron  output  unit. 

Fig.2.  Example  of  a  oaloulated  mirror  proflJe  for  gyrotrons  under  invcstigntioii. 

Fig.3a.  a)  Calculated  field  distribution  at  the  window  of  a  gyrotron  with  traditional 
mirrors. 

b)  Calculated  Held  distribution  at  the  window  of  a  gyrotron  using  a  mirror 
with  special  profile 

Fig.3b.  Calculated  fleld  phase  distribution  at  the  window  of  a  gyrotron  using  a 
mirror  with  special  profile. 
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ABSTRAg 

A  single  free  standing  synthetic  diamond  window  seems  to  have  higher  absorption  coefficient  value  at 
millimeter  wavelength  region  at  this  time  although  it  is  claimed  that  It  possesses  good  mechanical  strength 
and  higher  thermal  conductivity  chamcterlstlcs.  It  certainly  does  not  rule  out  the  use  of  diamond  film  on 
single  crystal  high  resistivity  silicon  to  Improve  its  mechanical  strength  and  thermal  conductivity.  One 
may  have  to  use  an  appropriate  fllm  thickness  for  a  particular  wavelength  In  gyrotron  window  application. 
It  is  also  necessary  to  use  an  appropriate  thickness  for  the  silicon  perhaps  equivalent  to  a  quaterwavelength 
in  order  to  avoid  the  reflection  mismatch 


The  absorption  coefficient  of  most  low<abaorblng  window  materials  increases  with  increasing 
frequency  at  millimeter  wave  frequency  region..  This  la  because  of  the  tail  of  lattice  vibration  or  phonon 
absorption  or  various  other  absorption  mechanisms  present  at  submilltmeter  and  far  and  mid  infrared 
spectral  region  for  solid  crystalline  and  polycrystalline  materials.  For  diamond  and  single  crystal  silicon, 
the  monoatomlc  diamond  crystal  structure  suggats  the  lattice  vibration  absorption  to  appear  at  frequencies 
In  the  infrared  region.  The  entire  mld*infrared,  fkr^lnfrored,  submillimeter  and  millimeter  wave  region 
therefore  should  ^  free  from  the  tail  effect  of  lattice  or  phonon  absorption  bands.  An  extra  high  resistivity 
(1 1,000  ohm>cm)  compensated  silicon  specimen  shows  the  absence  of  the  microwave  and  millimeter 
wave  free  carrier  absorption.  However  the  thermomechanical  property  of  such  extra  high  resistivity 
silicon  Is  less  attractive  compare  I  to  presently  used  window  material,  the  single  crystal  sapphire.  One  idea 
to  improve  its  thcnno<mechanlcal  properties  Is  to  coat  the  silicon  surfaces  with  synthetic  diamond  film 
evaporation.  One  then  expects  to  see  a  good  room  temperature  low-absorption  loss  and  mechanically 
strong  window  perhaps  edge  cooled  by  fluoro-carbon  fluid.  The  ciyo-edge-coollng  would  increase  the 
complexity  of  a  window  system  although  It  !s  expected  that  the  absorption  coefficient  will  decrease  with 
decreasing  temperature.  At  lower  temperature  a  phonon  or  lattice  vibration  peak  sharpens  and  the  tall  effect 
subsides  or  reduces  significantly.  For  cryo-edge-coollng  one  would  choose  a  temperature  where  the 
thermal  conductivity  has  its  highest  value.  It  Is  dlfflcvlt  to  measure  extremely  low  loss  tangent  or 
absorption  coefflclent  value.  We  have  improved  the  sensitivity  of  our  broadband  dispersive  Fourier 
transform  spectrometers.  We  now  can  measure  losses  as  low  as  40  -microradlans. 

The  recent  improvement  in  the  synthetic  diamond  fllm  evaporation  technique  suggests  the 
possible  use  of  diamond  coating  over  a  single  crystal  high  resistivity  silicon  window  material.  The  use 
of  the  diamond  fllm  will  increase  the  mechanical  strength  and  themial  conductivity  of  the  sandwich. 
Figure  1  shows  the  absorption  coefficient  spectrum  for  the  I  mm  thick  free  standing  diamond  specimen  . 


*  This  research  program  is  supported  by  the  U.S.  Department  of  Energy,  Office  of  Fusion  Research. 
Authors  acknowledge  the  loan  of  a  synthetic  diamond  specimen  from  Dr.  Kevin  Gray  of  Norton  Diamond 
Company 
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absorption  coefficient  of  Norton  diamond 

OUTPUT  DATA 


Figure  I  The  absorption  coellldem  specinim  of  a  free  standing  dinmoitd  specimen  manufactured  by 
Norton  Diamond  Company.  The  absorption  coetncient  values  were  evaiuated  from  directiy  measured 
transmittance  data  over  the  wavenumber  range  4-7  cm 

THF  mrashrement 

A  simpler  version  of  dispersive  Fourier  transform  spectrometer  was  utilized  for  this 
thin  soecimen  results  in  a  nominal  loss  of  energy  in  transmission.  It  was  therefore  not  possible  to  evaluate 
absomtlorco/S  refractive  index  spectra  directly.  The  transmittance  spectrum  was  then 
measured  directly  for  this  thickness  of  the  specimen.  The  absorption  coeffleient  data  were  then  evalua  e 
at  eleven  points  in  the  wavenumber  (per  cm.)  region  4  -  7 
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1.  INTRODUCTION 

It  is  known  that  the  frequency  behaviour  of  the  silicon  loss  tangent  shows  a  O)*^  dependence, 

compared  with  the  general  tanS-*  o)  behaviour  for  aluminum  oxide  and  other  oxides^  For  this  reason, 
high  purity,  high  resistivity  silicon  has  been  proposed  to  be  used  in  dielectric  windows  for  the  high  power 
EC  systems^.  Loss  tangent  values  as  low  as  10'^  and  10*^  have  been  measured  at  IS  and  14S  QHz 
respectively L3,  The  main  obstacle  arises  from  its  high  sensitivity  to  ionizing  radiation  fields  which 
Induce  large  increases  in  the  loss  tangent  due  to  radiation-induced  electron-hole  pairs 

In  this  work  the  electron  irradiation  effects  on  the  dielectric  properties  at  IS  GHz  of  silicon  are 
studied,  both  after  irradiation  and  under  ionizing  radiation. 

2.  RESULTS 

High  purity,  high  resistivity  monocrystalline  silicon,  kindly  supplied  by  Dr.  Heidinger  (KfK),  has 
been  electron  irradiated  at  room  temperature,  using  a  2  MeV  Van  de  Oraaff  accelerator,  at  different  dose 
rates  (  between  1  and  SO  Qy/s ).  30  mm  diameter,  3  mm  thick  samples,  polished  and  chemically  etched, 
have  been  used.  The  dielectric  properties  have  been  measured  during  irradiation  by  using  a  resonant 
method,  putting  the  sample  insiae  a  closed  aluminium  cylindrical  cavity  placed  at  the  end  of  the  beam 
line  of  the  accelerator,  1.8  MeV  electrons  enter  the  resonator  through  a  thin  aluminum  window. 

The  loss  tangent  of  as  received  samples  is  7.6x10"^,  but  under  radiation  increases  strongly  as  a 
function  of  the  dose  rate  ( see  figure  1  )  with  a  linear  dependence  which  is  in  close  agreement  with 
previous  results^.  The  proportionality  constant,  h,  between  loss  tangent  increase  and  the  dose  rate  is  a 
measurement  of  the  sensitivity  of  silicon  to  the  radiation.  It  is  observed  that  the  value  of  b  decreases  with 

irradiation  time  (  figure  1  ).  The  linear  dependence  between  tan  5  and  dose  rate  is  maintained  but  the 
proportionality  constant  decreases,  indicating  the  decrease  of  silicon  sensitivity  to  radiation,  Such  an 
effect  was  not  observed  by  R.  Heidinger  et  al  using  low  energy  X-rays.  This  difference  may  be  due  to 
the  higher  energy  ionizing  spectrum,  or  possibly  to  the  limited  amount  of  displacement  damage  in  the 
electron  irradiation  case. 

In  figure  2  values  of  b  are  represented  as  a  function  of  dose,  indicating  a  D-OS  dependence.  It  is 
also  observed  that  the  loss  tangent  without  radiation  decreases  with  total  radiation  dose  (  figure  2  ).  After 
a  total  dose  of  1.8x10^  Gy  a  decrease  of  a  factor  of  10,  down  to  8x10*^,  is  observed,  and  with  an 
indication  that  this  value  could  be  further  reduced. 

These  results  can  be  summarized  by  the  expression: 

tan  6 = tan  So  +  hD 


where  tan  So  is  the  loss  tangent  without  any  radiation  field,  and  D  is  the  dose  rate.  Our  results  indicate 
that  both  tan  So  and  h  decrease  with  total  irradiation  dose. 
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3.  DISCUSSION  AND  CONCLUSIONS 

The  loss  tangent  of  silicon  both  under  ionizing  radiation  and  before  irradiation,  is  due  to  the 
presence  of  free  charges  in  the  tnateriaP>^.  The  measured  values  are  the  result  of  an  equilibrium  between 
the  number  of  free  charges  created  (  by  thermal  activation,  residual  impurities  or  radiation  )  and  their 
lifetimes.  Within  this  framework  the  actual  results  can  be  understood  assuming  that  the  electron 
irradiation  induces  new  permanent  defects  reducing  the  lifetime  of  free  charges. 

Assuming  that  the  frequency  dependence  observed  in  the  unirradiated  samples  also  holds  for  the 
irradiated  ones,  these  results  indicate  the  possibility  of  obtaining  a  materiai  with  a  very  low  room 
temperature  loss  tangent  at  high  frequency  ( ISO  GHz )  with  a  low  sensitivity  to  ionizing  radiation.  This 
is  of  great  interest  for  the  development  of  high  power  EC  heating  systems. 

More  work  is  needed  to  study  the  high  frequency  behaviour  of  irradiated  silicon,  to  explore  the 
effects  of  higher  irradiation  doses  and  dose  rates,  as  well  as  the  nature  of  the  radiation  induced  changes 
and  the  temperature  dependence  of  loss  tangent  of  irradiated  samples. 
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Figure  I :  Silicon  loss  tangent  as  a  function  of  dose  rale  for  pigufc  2;  Dose  dependence  of  (  o )  and  tan  8©  (  •  ) 
an  initially  unirradiated  samplc(  ♦  )  after  2.2x10^  Oy  (0) 
and  following  1.8x10®  Oy  (  •  ) 
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The  way  hovt  to  make  spectroscopy  in  the  fear  it^ared  by  replacing  mechanical  spectral  elements 
(moving  mirrors  or  gratings)  by  superconducting  solenoids  is  shown.  The  magnetic  field  changes  the  FIR 
properties  of  the  semiconductors  through  the  cyclotron  resonance  or  the  Zeeman  effect  allowing  to  mah 
spectroscopy  In  the  range  35cm'^  •  160cm~^  with  the  resolution  up  to  0,3cm'‘,  We  present  the  possibilities  and 
limits  of  the  spectroscopy  which  uses  a  magnetic  field  to  scan  (tune)  the  characteristic  energies  of  the  narrow 
band  spectral  elements:  sources,  filters  and  detectors.  All  described  below  devices  work  immersed  in  the 
liquid  helium  bath.  Therefore  spectroscopy  based  on  magnetically  tunable  narrow  band  elements  provides  also 
ultralow  background  radiation  conditions  for  measurements. 


Sources :  transmission  spectrometer 

We  show  practical  realisation  and  examples  of  application  of  the  transmission  spectrometer 
based  on  the  InSb  wd  OaAs  cycloton  resonance  sources  (1).  The  spectrometer  can  be  used  In  the  range 
ftom  35  to  200cm*  Its  maximal  resolution  obtained  with  the  high  mobility  OaAs  heterojunction  as  the 
emitter  is  about  Icm*^  The  spectrometer  performance  is  demonstrated  by  its  application  to  the  studies 
of  impurity  and  free-electron  states  in  two<dlmensional  systems  ( Pig.  2 ), 


Biwgy(cin'*) 

Figure  I;  The  experimental  set  up  Figure  2;  Study  of  impurity  states  in  5  doped 

MQW,  Transmission  spectra  versus  emitter  FIR 
photon  energy  are  plotted  for  two  magnetic  fields. 

Detectors :  analysis  of  the  emission 

By  applj^g  til  magnetic  field  to  OaAs  and  InP  one  can  effectively  tune  the  energies  of  1  s  to  2p 
transitions.  In  a  very  high  purity  material  photoconductivity  lines  due  to  this  transitions  are  very  sharp 
enabling  spectroscopy  with  a  resolution  up  to  0.3cm" We  present  systematic  studies  of  the  detectors 
sensitivity  and  noise  versus  the  temperature,  electric  and  magnetic  fields  (2).  We  show  that  the  decrease 
of  the  performance  of  these  detectors  in  high  magnetic  fields  is  mainly  due  to  appearance  of  low 
frequency  noise  which  for  strongest  fields  has  a  1/f  spectrum.  By  adjusting  the  detector  temperature  we 
improve  the  signal  to  noise  ratio  and  shift  the  limits  of  detection  possibilities  up  to  160cm' The 
properties  of  the  detectors  are  shown  by  their  application  to  analyse  the  far  Infrared  emission  ftom 
GaAs/OaAlAs  heterojunctions  and  mulliquantum  wells  (MQW), (3). 
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Ftgwrt  4:  Tht  S/N  ratio  as /Unction  of  the  temporaturt 
far  magnetic  fields  ST  and  72T, 


Figure  iiEnergies  of  tht  ls-2p(-^l0l‘)  transitions 
vs  nutgnetic  field,  Inset  shows  an  example  of  the 
photoconductivity  spectrum  (vs  emitter  magnetic 
field  )far  GoAs  detector  in  a  magnetic  field  of4ST, 

The  OaAs  cyclotron  resonance  emitter  was  used  to 
obtain  this  spectrum, 

Ftlteri :  notch  flUtar  spectometer 

Cyclotron  reiaonance  absorption  Alters  can  be  used  to  analyse  the  spectrum  of  the  emission  of 
the  far  infirared  radiation.  Emission  in  this  Idnd  of  spectrometry  is  detected  by  a  broadband  detector  (eg 

bolometer).  The  CR  Alter  that  is  put 
beetween  the  emitter  and  the  detector  cuts 
(absorbs)  part  of  the  spectrum  at  the 
cyclotron  energy.  Detector  signal  registered 
as  a  funedon  of  the  magnedc  applied  to  the 
CR  Alter  contains  an  informadon  about  the 
spectrum  of  emitted  photons.  This  technique 
Is  an  efAcient  tool  for  analysis  of  the  FIR 
emission  of  solids  (4).  We  show  how  one  can 
increase  the  resoludon  of  this  technique  by 
use  CR  Alters  based  on  the  high  mobility 
heteroJuncdon,s.  We  show  how  to  choose 
opdm^  CR  Alter  to  make  precise  and  high 
resoludon  analysis  of  the  FIR  emitted  Atm 
solids  (5)  and  present  examples  of  analysis  of 
the  same  emitter  with  a  few  different  CR 
Alters. 


Figure  5:  Analyse  of  the  cyclotron  resonance 
ft'om  bulk  GoAs,  A  high  resolution  notch  filter 
is  wsed,  Thi  splitting  of  the  CR  line  due  to  non 
•parabolkity  effect  is  observed. 
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Crossed  electric  and  magnetic  fields  applied  to  p-Oe  crystals  can  lead  to  stimulated  FIR 
emission  between  different  light  hole  Landau  levels.  "Streaming  motion"  of  heavy  holes,  where  they 
repeatedly  accelerate  collissionless  to  the  optical  phonon  energy  and  scatter  back  to  the  origin  [1]  is 
thought  to  be  one  of  the  main  processes  underlying  the  80>called  p>Oe  cyclotron  resonance  (CR)  laser. 
The  finite  probability  for  heavy  holes  to  scatter  into  light  hole  Landau  levels  (LL's)  leads  in  this  way  to 
an  incmase  of  the  population  of  light  hole  LL*s  (pumping  mechanism).  A  population  inversion  between 
different  LL's  is  built  up  due  to  the  depopulation  of  low  lying  LL's  by  ionised  Impurity  scattering  [2]  or 
duo  to  mixing  between  light  and  heavy  hole  states  {31,  which,  because  of  streaming  motion  of  the  heavy 
holes,  leads  to  u  reduction  of  the  lower  LL  lifetime. 

To  date  the  role  of  streaming  motion  in  hot  hole  P‘Oe  lasers  has  been  inferred  only  through 
theoretical  considerations  [3,4];  in  this  work  we  present  the  first  experimental  proof  of  the  importance 
of  streaming  motion.  We  have  performed  magneto-absorption  measurements  in  p»Oe  under  intense 
crossed  electric  and  magnetic  fields.  The  broadening  of  the  observed  cyclotron  transitions  and  the 
dlsappearence  of  some  of  these  transitions  with  increasing  electric  field  is  attributed  to  streaming 
motion.  In  addition,  the  observation  of  the  change  of  a  magnetooptiCBl  resonance  fbom  loss 
(absorption)  to  gain  with  increasing  electric  field  has  enabled  us  to  identify  directly  the  high  field  lasing 
transition.  It  is  confirmed  to  be  the  light  hole  b>set  n-1  to  0  transition  in  the  coupled  band  model. 

The  stimulated  emission  obtained  is  single  line  (linewldth  of  <  0.2cm' ^  and  linearly  tuneable 
with  magnetic  field  from  25  to  85  cm'  ^  with  an  estimated  output  power  of  200  mW  in  a  Ips  pulse. 
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ABSTRACT 

The  mode  spectrum  of  the  p-Qe  far-infrared  Intersubband  transition  hot  hole  laser,  with  several  types  of 

resonator  cavity,  has  been  investigated  using  both  grating  and  Schottky  diode  spectroscopy.  Narrow-band 

lasing,  with  continuous  wavelength  tunabiiity  from  75  fitn  to  110  /im,  has  been  realised  due  to  intracavity 

frequency  selection. 

The  p-Qe  FIR  laser  in  crossed  electric  and  magnetic  fields  with  a  nonselective  cavity  has  a  very  broad  emission 
spectrum  of  10-20  nm  tunable  in  the  wavelength  region  70-120 /im  by  the  applied  fields.  An  intracavity  Fabry- 
Perot  (FP)  resonator  type  has  been  designed  for  mode  selection  and  the  spectrum  was  measured  by  grating  and 
Schottky  diode  spectroscopy  (FIG.l)  [1,2], 

The  active  p-Ge  samples  and  the  configuration  of  the  applied  fields  were  the  same  as  given  in  ref.  [2].  The 
spherical  output  mirror  and  the  composite  plane  back  mirror  (FIG. 4)  form  the  semi-confocal  resonator  spaced 
from  the  polished  bulk-end  sample  by  Si.  The  FP  like  resonator  at  the  back  is  coupled  with  the  main  resonator 
by  a  lamellar  grating  consisting  of  evaporated  Al-stripes  on  the  Si-spacer  surface.  The  FP  resonator  gap  d  can 
be  tuned  mechanically. 

The  laser  spectrum  (FIG. 2a)  measured  by  a  grating  spectrometer  with  a  Ge:Ga  detector  shows  a  narrow 
spectral  line  with  the  wavelength  A  smoothly  tunable  proportional  to  the  gap  width  d  (FIG.  2b),  The  measured 
spectrum  for  d  s  244.S/irn  s  5/2  x  07.8/im  was  close  to  the  grating  spectrometer  apparatus  function  (FIG. 2a 
-  solid).  The  real  spectrum  width  can  be  estimated  to  0.02  fitn  (FIG.2a  -  dashed)  while  without  selection 
(dsO)  the  laser  emission  has  a  width  of  about  20  pim.  The  videosignal  on  the  Schottky  diode  with  and  without 
selection  was  the  same  (200-400  mV)  so  the  Intracavity  FP  selector  does  not  change  the  overall  output  power 
but  increases  the  spectral  line  intensity  by  1000.  The  signal  from  the  diode  was  then  analysed  by  a  spectrum 
analyzer.  In  the  nonselective  case  (<1=0)  only  longitudinal  modes  of  the  laser  resonator  were  found  at  the 
mixing  frequency  /mta  =  c/2L  «  466  MHz  (L:  resonator  optical  length)  with  a  llnewidth  of  about  1  MHz  [2], 
So  the  spectrum  consists  of  a  set  of  very  narrow  linos  with  linewidths  of  about  1  MHz  determined  only  by  the 
laser  pulse  duration  of  3  fis  (FIG. 2a).  For  the  narrow-band  lasing  with  Intracavity  selection  the  mixing  signal 
rises  by  16-20  dB.  On  a  fast  oscilloscope  we  can  also  observe  a  strung  sinusoidal  modulation  (50-100%)  of  the 
videosignal  with  /nua.  The  origin  of  four  lines  in  the  mixing  spectrum  (FIG, 3)  instead  of  one  line  at  /mit  for 
the  nonselective  case  and  the  llnewidth  will  be  studied  more  carefully  by  a  heterodyne  mixing  experiment. 

The  shown  measurements  prove  that  the  output  laser  power  can  be  concentrated  into  2  or  3  longitudinal 
modes  due  to  the  intracavity  FP  selectivity.  We  hope  by  improving  the  resonator  design  to  operate  in  single 
mode, 
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Emission  of  FIR  due  to  radiative  recombination  between  shallow  impurities  states  in 
.selectively  doped  multiquantum  wells  (MQW)  is  studied  as  a  function  of  electric  and  magnetic 
fields  applied  to  the  structure.  It  allows  to  propose  the  Efficient  FIR  sources  for  tests  of 
bolometers  working  in  mllllkelvin  temperatures. 

The  electronic  levels  of  Impurities  in  quantum  wells  depend  on  various  growth 
Gonttollable  parameters  such  as  the  well  width  and  the  impurity  location. 

Recently,  efficient  emission  of  far  infrared  radiation  due  to  2p  Is  radiative 
recombination  in  MQW  has  been  observed,  The  emission  energy  was  found  to  depend  of  the 
impurity  position  and  to  be  magnetically  tunable*'^). 

In  this  work,  the  properties  of  this  new  class  of  FIR  emitters  is  studied.  The  samples 
used  in  this  experiment  are  selectively  doped  MBE  grown  OaAS'Qao,7sAlo.2sAs  MQW.  Two 
samples  were  investigated.  Sample  A  doped  only  in  the  middle  of  the  b^ers  (  N|,  ■  6.3  lO^^ 
cm*^ :  50  periods  )  and  sample  B  doped  in  the  ^ddle  of  the  barriers  and  in  the  middle  of  the 
wells  (Nh  ■■  4.  10>^  cm*2 ;  ■  2.  10><)  cm*^  ;  100  periods).  The  well  and  barrier  thicknesses 

are  100  A  and  200  A  respectively.  These  two  samples  have  been  previously  studied  in  FIR 
transmission  experiments  and  they  are  therefore  well  characterised^'^). 

The  FIR  emission  is  induced  by  applying  electric  pulses  to  the  sample.  Indium  contacts 
were  alloyed  to  the  samples.  The  distance  between  the  contacts  is  5  inlllimetres.  The  time 
Interval  between  the  pulses  is  choosen  to  avoid  sample  heating.  The  radiation  is  guided  by  a 
copper  light  pipe  to  the  detector.  A  OaAs  photoronductive  detector  is  used.  Its  spectral 
characteristic  in  zero  magnedc  field  consists  mainly  of  one  line  due  to  Is  -4  2p  transition  at 
energy  4.43  meV  (  286  pm  ).  FIR  emission  ( registered  by  this  detector )  versus  magnetic  field 
appli^  to  MQW  are  shown  in  flgures  1  and  2.  The  main  results  are  following: 

1)  There  exists  a  broad  band  due  to  impurity  emission  starting  from  zero  magnetic  field 
which  is  followed  by  cyclotron  emission. 

2)  There  is  an  optimal  value  of  the  electric  field  for  which  impurity  emission  is  maximal. 
Too  high  electric  fields  heat  electrons  up  to  the  conduction  band  making  that  impurity  emission 
decreases  and  cyclotron  resonance  increases. 
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3)  Double  doping  in  the  centre  of  the  well  and  in  the  barrier  increases  the  intensity  of 
impurity  emission  (  in  the  region  of  wavelenght  286  pm  ).  A  possible  explanation  is  the 
contribution  of  shallow  donors  in  the  well  and/or  of  D'  states  that  are  formed  in  such 
structures^*'*). 

4)  Maximal  output  power  that  can  be  obtained  with  this  sources  was  estimated  to  1  nW 
with  input  power  of  the  order  of  10  mW. 

FIR  sources  based  on  impuiity  entission  from  selectively  doped  MQW  were  proposed 
as  alternative  sources  for  tests  of  bolometers  working  in  mK  temperatures.  They  can  replace 
standart  black-body  sources  because  of  the  following  advantages: 

1)  They  can  be  modulated  with  high  frequency. 

2)  They  are  selective  and  the  spectral  region  of  the  emission  can  be  adjusted  by  the 
choice  of  MQW  growth  parameters. 

3)  They  need  a  smaller  input  power  than  black-body  sources  so  they  do  require  smaller 
cooling  power  to  keep  the  bolometers  in  mK  temperatures. 


Figure  1 :  FIR  emliilon  for  lample  B  for  two 
different  electric  fields.  For  higher  electric  Held 
impurity  emission  decreases  and  cyclotron 
resonance  ( CR )  emission  increases. 


Figure  2:  Comparison  of  the  Intensities  of  the  FIR 
emission  Intensities  for  samples  A  and  B, 

Sample  B  doped  in  the  barrier  and  in  the  center 
of  the  MQW  gives  higher  impurity  emission. 
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Diminutive  and  super  diminutive  surface  wave  magnetrons  of  mm  range 
V.D.Yeremka,  O.Ya.LevIn,  S.N.Tcrechin,  A.Ya.Usikov 

Institute  of  Radiophysics  and  Electronics 
12,  Ac.Proskura  st.,  Kharkov,  310085,  Ukraine 

ABSTRACT 

The  results  of  design  and  study  of  diminutive  surface  wave  magnetrons  (SWMs)  of  mm  radio  wave  range  with 
thermocathode  and  super  diminutive  SWMs  with  heatless  cathode  are  presented. 

INTRODUCTION 

Miniaturization  and  super-miniaturization  of  vacuum  devices,  operating  in  SHF-  and  EHF-  ranges,  ciear  the  new 
fundamental  ways  of  improvement  of  radar  and  measuring  equipment,  cybernetics  devices  and  communication 
systems  at  the  realization  of  fundamental  scientific  and  technical  programs  of  space  explore,  at  the  development  of 
inter-satellite  communication  systems  for  high  orbits  etc. 

The  experience  of  development  of  compact  continuous  and  Impulse  SWMs  allowed  to  carry  out  their 
miniaturization. 

SWM  is  one  of  subclasses  of  travelling  wave  magnetrons.  The  feature  of  "Kharkov  operating  regimes"  of  such 
magnetrons  is  the  use  of  interaction  of  electron  flows  with  one  of  high  space  harmonics  of  HF-fleld  and  not  with 
fundamental  one  as  in  classical  magnetron'.  If  one  Introduce  the  generalized  parameter  h-H/Hcr  (where  H  is 
operating  magnetic  field.  Her  Is  critical  magnetic  field) ,  then  SWM  operates  at  h  approximately  equals  1  and  classical 
magnetrons  operate  at  h  of  approximately  10.  SWM  has  the  greater  number  of  resonator  of  anode  block  *  periodical 
structure.  This  provides  the  possibility  to  operate  at  lesser  accelerating  voltages  and  magnetic  fields. 

Continuous  diminutive  SWMs  with  thermocathode,  operating  at  the  frequency  of  37  OHz  are  designed  by  us 
(FIg.l).  The  weight  of  the  device  with  magnetic  system  made  of  samarium  and  cobalt  does  not  exceed  150  g. 

The  development  of  base  design  of  mm  range  Impulse  diminutive  SWM  having  (he  cathode  without  resistive  heat. 
Anode  block  of  such  SWM  Is  periodical  structure  having  24-36  resonators,  that  allow  the  possibility  of  interaction  of 
electrons  with  high  spatial  field  harmonics.  The  cathode  of  such  SWMs  has  the  form  of  a  number  of  autoemitters 
(AEs)  alternating  along  (he  axis  and  made  of  Ta  and  secondary  cathode  (SC)  made  of  porous  tungsten  Impregnated 
by  barium  alumlnate,  edged  autoemltters,  activated  by  barium,  provide  Inertialess  excitation  of  magnetron. 

2.RESULTS 

Continuous  diminutive  SWMs  with  thermocathode  at  the  frequency  of  37  OHz  provide  output  power  of  0.3-0.7  W 
at  operating  voltage  of  400-950  V.  Output  power  of  diminutive  continuous  SWMs  was  1  kW  at  the  operating  voltage 
of  5  kV,  pulse  duration  of  0.3  msec  and  on-off  time  ratio  of  1000. 

The  breadboard  of  super  diminutive  SWM  with  AB  and  SC,  synchronized  by  external  signal  at  the  frequency 
of  37  OHz,  produced  the  power  of  1 .2  kW  at  operating  voltage  of  6  kV,  impulse  duration  of  0.2  msec  and  on-off  time 
ratio  of  2000. 


3.CONCLUSION 

Diminutive  SWMs  with  thermocathode  and  super  diminutive  SWMs  with  AE  and  SC  cun  be  used  in  a  number  of 
applications  side  by  side  with  semi-conductor  devices  because  of  their  ability  to  operate  in  wider  temperature  range 
at  stable  frequency.  SWMs  with  AE  and  SC  have  Instant  starting. 


197 


Tu2.5 


4.ACKN0WLEDGEMENTS 

This  work  Is  supported  by  the  Statu  Fund  of  Fundamental  Research  of  the  Ukraine  and  by  the  Comr  .Uee  on 
Science  and  Technology  of  the  Ukraine. 

S.REPERENCES 

1.  V.D.Yeremka,  O.Ya.  Levin,  LP.Mospan  et  al, "Russian  surface  millimeter  wave  magnetrons", In  16-th  int. 
Conf.  on  IR  A  MM  Waves,  Proc.  SPIE 1576,  PP.8-9,  Lausanne,  Swltserland,  1991. 


Fig.  1 .  External  appearance  of  diminutive  Impulse  SWS,  N>95  OHz 
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Institute  of  Applied  Physics,  Russian  Academy  of  Science,  Nizhny  Novgotxxl  603600,  Russia 


ABSTRACT 


Theoretical  proposals  concerning  far-infrared  activity  tMsed  on  shallow  acceptor  state  optical 
transitions  in  p-Oe  and  p-Si  semiconductors  are  discussed.  Preliminaiy  experimental  investigations 

will  be  presented. 


Recently  it  has  been  pointed  out  [1,2]  that  the  narrow  spectral  lines  of  lasing  close  to  the 
wellknown  lines  cf  shallow  impurity  absorption  (so-called  E  and  C  lines)  observed  in  the  spectrum 
of  the  p-Oe  laser  on  th^  light-to-heavv  hole  transitions  in  crossed  electric  E  and  magnetic  H  fields 
means  an  amplification  of  the  grounc-to-excited  acceptor  states  optical  transitions  [1].  Also,  the 
step-wise  power  saturating  level  was  observed  and  was  supposed  to  be  due  to  the  photoionisation  of 
abnormally  highly  populated  impurity  states  [3], 

We  have  investigated  the  processes  forming  the  population  of  the  impurity  states  using  the 
simple  hydrogenical  model  adjusted  to  the  known  parameters  of  shallow  acceptors  in  Oe.  The 
transition  rates  for  impurity  states  have  been  estimated  and  the  mechanisms  of  the  population 
inversion  between  the  impurity  states  have  been  analysed  under  the  conditions  of  the  p-Oe  laser 
(E-1  kV/cm,  Hb7  kOe). 

Recombination  due  to  spontaneous  optical  phonon  emission  (t «  2  x  10-B  gee  for  the  ground 
state)  were  found  to  control  tne  impuritv  population  when  the  free  carrier  distribution  is  heated  in 
crossed  electric  and  magnetic  fields  while  there  is  no  far-infrared  lasing.  So  the  abnormally  high 
population  (about  severe  percent)  of  the  impurity  states  despite  the  high  temperature  of  the  holes  In 
the  valence  band  is  caused  by  the  fast  processes  of  optical  phonon-assisted  cooling.  The  ground 
state  is  effectively  photoionized  (/ «  lO-lO  for  a  lasing  intensity  of  I «  1  kW/cm^)  with  the 
development  of  lasing  on  light  to  heavy  hole  transitions  in  the  wavelength  range  l(X)-130um  while 
photoionisation  of  e.xcited  slates  is  much  less  effective.  Thus  heating  the  free  carrier  distribution  by 
the  electric  field  will  populate  the  first  few  excited  states  inversely  if  their  impact  ionisation  rate  (t « 
1.5  X  10~iO  for  the  B-line)  does  not  exceed  the  rate  of  photoionisation  of  the  ground  state  and  the 
pumping  due  to  optical  phonon  emission  is  even  faster  than  for  the  ground  state.  The  proposed 
theoretical  model  enables  us  to  explain  existing  experimental  results.induding  the  delay  dependence 
of  the  p-Oe  laser  pulse  on  the  frequency  of  the  preceding  RR  radiation  pulse  [4]. 

Optical  phonon  assisted  transitions  can  be  effective  in  pumping  the  population  inversion  on  the 
shallow  acceptor  states  in  p-Si  by  CO2  loser  excitation  and  this  seems  to  bo  important  for  a  further 
development  ol  the  RR  semiconductor  laser  sources. 
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A  class  of  mlcrowAve-sTiiKhesisers  and  noise-generators  foi*  luicrowave- 
spectroscopy 

Vflb  V.L.,  Panin  A.N.,  Pripolsin  S.J.,  Neubert  F.,  Mau  U.,  Smorgonski  A. V„ 
ChodoR  V  V ,  Schvilechov  AO. 

Backward  Wave  Oscillators  (.TiWO's)  are  used  as  the  radiation  source  of  the 
microwave-synthesisers.  They  work  in  a  fi-equenoy-range  from  370Hz  to  SSOGHz. 
They  can  be  used  as  prograounable  generators  with  high  accuracy  or  noise 
generators.  In  the  first  ease,  a  short-time  stability  of  6*10“^,  a  long-time  stability  of 
10*8  fjoA  a  accuracy  of  frequency  of  10*8 reached.  The  noise  generator  has  a 
noise-bandwidth  of  lOQHz  t^th  a  equivalent  noise-temperature  of  about  10^^. 
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Tunable  Far  Infrared  (TuFIR)  Spectroacopy 
of  Transient  Molecules. 

S.R.  Boardman,  CH.Bryant ,  P.B.Davies  k.  T.J.Sears*. 

Dept,  of  Chemistry,  University  of  Cambridge,  Lensfleld  Road, 

Cambridge,  CB2  1EW,  United  Kingdom. 

*Permanent  address  ;  Brookhaven  National  Laboratory,  Upton,  N.Y.,  USA 

S.E.R.C.  Visiting  Fellow. 

ABSTRACT 

Tunable  Far  Infrared  (TuFIR)  laser  sidebands  have  been  generated  by  non-linear  mixing 
of  radiation  from  a  fixed  frequency  FIR  laser  and  a  tunable  nticrowave  source.  The  design  of 
the  Cambridge  TuFIR  spectrometer  together  with  high  resolution  sub-mm  spectroscopic 
measurements  of  spectral  parameters  of  stable  and  transient  species  will  be  discussed. 

1.  Spectroscopic  Techniques  In  the  FlR/sub-mm  Region  -  Development  of  TuFIR. 

The  region  between  1mm  and  30  )xm  is  one  of  the  least  exploited  of  the  e-m  spectrum.  It 
can  be  loosely  defined  as  the  region  where  microwave  based  techniques  end  and  where 
tunable  laser  sources,  namely  lead  salt  diode  lasers  begin.  Harmonic  generation  in  a  point 
contact  diode  using  a  klystron  source  provided  the  first  method  of  penetrating  this  region. 

The  subsequent  development  of  optically  pumped  FIR  lasers  and  the  use  of  non-linear 
mixing  techniques  has  led  to  two  distinct  methods  of  generating  TuFIR  radiation. 

a)  The  use  of  two  mid-IR  CO2  lasers  producing  a  difference  frequency  by  mixing  on  a 
Metal-Insulator-Metal  diode. 

b)  Sideband  generation  from  mixing  a  fixed  frequency  optically  pumped  FIR  laser  with 
tunable  microwaves  on  a  GaAs  &hottky  barrier  diode. 

The  TuFIR  spectrometer  constructed  in  Cambridge  uses  the  latter  approach. 

2.  The  Cambridge  TuFIR  Sideband  Spectrometer. 

A  schematic  diagram  of  the  spectrometer  is  shown  in  FIg.l.  An  optically  pumped  FIR 
laser  provides  the  fixed  frequency  local  oscillator  (LO)  giving  access  to  l(XX)'s  of  discrete 
frequencies  in  the  FIR.  A  reflex  klystron  of  centre  frequency  90  GHz  is  employed  as  the  tunable 
microwave  source  and  this  provides  sidebands  of  the  LO  after  nrdxing  on  a  Schottky  barrier 
diode,  l.e. 

ci>ruFiR  =  Wfir  i  Wm 

The  tunabllity  of  the  TuFIR  sideband  is  determined  by  the  microwave  frequency  com. 

The  diplexer,  a  variant  of  the  Michelson  Interferometer,  along  with  a  Fabry-Perot 
Interferometer  is  used  to  provide  the  necessary  separation  and  filtering  of  the  TuFIR  sideband 
from  the  much  more  intense  FIR  carrier  which  is  re-radiated  from  the  mixer. 
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Flg.1  Tht  TuFIR  Sideband  Spaotromatar. 


npMxtr 


A  double  pass  of  the  absorption  cell  is  performed  using  a  wire  grid  polaiiser  and  roof¬ 
top  minor.  The  klystron  is  frequency  modulated  at  17kHz  and  the  signal  recovered  via  a 
phase  sensitive  detector.  Computer  control  facilitates  the  acquisition  of  high  resolution  TuFIR 
spectra. 

3.  Results. 

After  Initially  testing  the  sensitivity  of  the  spectrometer  on  well  characterised,  pure 
rotational  transitions  of  NO,  work  has  been  carried  out  on  the  spectral  parameters  of  several 
atmospherically  Important  species.  To  date,  rotational  transitions  and  line  broadening 
analysis  of  CIO,  HCl  and  HO2  have  all  been  observed.  An  example  of  rotational  absorption 


Fig.  2.  The  TuFIR  spectrum  of  the  J  »  17.5  ■  16.5  transition  in  ^CIO 
at  649.445  GHz,  pressure  broadened  by  163mTorr  N2. 
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Soatteriiv  of  Guided  Modea  bsr  Sphere  in  a  QuaBi-Optioal 
Waveguide  of  the  Claas  of  "Hollow  Dielectric  Channel" 

V.K.  Kiaelyev,  T.M.  Wiahta 

Inatltute  of  Rad lophy ales  and  Electronics 
Aoadeny  of  Sciences  of  Ukraine 
12  Acad.  Proakura  atr. .  Kharkov.  Ukraine 

ABSTRACT 

The  scattering  of  the  guided  modes  due  to  a  conducting  sphere  in  a  circular 
vavegulde  of  the  claas  of  "hollcM  dielectric  channel"  (DC-vavegulde)  Is 
Investigated  theoretically  and  experimentally.  To  treat  the  problem  theoretically, 
the  Incident  guided  wave  la  eKpanded  In  terms  of  the  spherical  vector  wave 
functions,  and  scattered  fields  are  obtained  by  applying  the  boundary  conditions  on 
the  surface  of  object  with  aid  of  these  expanalcns.  The  backsoatterlng  of  the 
fundamental  mode  (EH^^)from  conducting  aphmres  Is  Investigated  experimentally  In 
aubmm  wave  range.  Measurements  are  compared  with  theoretical  results. 

!>,.  mUHODUCriCM 

The  research  of  scattering  and  gijgde  conversion  from  various  objects  In  wave¬ 
guides.  particularly  in  DC-wavegulde  '  ,  Is  of  Interest  for  both  the  theoretical 
and  practical  points  of  view.  In  this  work  we  present  results  of  the  Investigation 
for  the  Interaction  of  guided  modes  with  ocnduotlng  Qiheres.  mounted  on  centre  in 
the  circular  DC-waveguide. 
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The  theoretical  Investigation  of  this  problem  Is  oonduoted  in  the  following 
way.  The  electric  and  magnetic  fields  of  the  linearly  poleurlsed  modes  of 

order  zero  In  1/^.  where  A=ZV^.  ^  is  the  wavelength,  a  is  radius  of  the 
Interior  channel  of  the  DC-wavegulde.  oan  be  written  in  the  form ' 


Where  Is  Bessel  function,  h^  is  the  procagatlofi  constant  of  the  mode, 

l^ls  the  oharaoterlatlo  impedance  of  spaoe,  and  I  represent  the  unit 

vectors  directed  along  the  positive  x  and  y  axes,  respectively.^The  centre  of  the 
spherioal  object  of  radius  b  ooinoldes  with  origlnes  of  both  the  olroular- 
cylindrlcal  coordinates  (r.Cp. s)  and  spherioal  coordinates  (p,6,c})).  The  Incident 
mode  propagates  In  the  positive  e  direction.  Then,  the  solutlon^of  the  problem  Is 
developed  by  method  similar  to  those  used  by  Morlta  and  Kumsgal  to  investigate 
scattering  from  spherical  objects  inside  an  optical  fiber.  We  expresa  modes, 
given  by  (1),  in  terms  of  ths  spherical  vector  wave  functions  VI  and  91.  These  series 
expansions,  after  some  msnlpulatlons.  were  derived  In  the  following  form: 

00  00 

nTi  rtiTi 


oos^^iVi/A.  Is  Legendre  polynomial. 
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The  aoattered  flelda  axe  obtained  by  applying  the  boundary  ocnditlcns  on  the 
surface  of  the  sphere  with  aid  of  oocpansicns,  given  by  (1) .  In  the  orose  seotlcn  of 
the  DC-vavegulde  the  aoattered  fields  can  he  expanded  in  terms  of  modes  as  follows: 

00  00 


where  the  aupersoripts  >  and  +  represent  sets  of  modes  at  s:i^(<0)  and  s:^(>0) 
respectively,  outside  the  spherioal  object.  Using  the  Lorents  reolproolty  principle 
and  ^  fact  that  DC-wavegulde  la  one  with  boundary  conditions  of  Inpedanoe 
form  '  ,  we  obtain: 


_ I _ 

AVcoap„[J^(i^)]” 


Sl't-l 


where  a^and  b,^  are  well-known  Mle  coefflolsnt,  i4,(t^)=0.  Notice  that  we  Ignore 

multiple  aoatterlng  effects  between  the  sphere  and  boundary  of  the  DC-wavegulde 
since  the  object  Is  anall  enough. 
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3.  EXPBRIMHNTAL  HEBULTB 

We  have  chosen  15  ocnduotlng 
spheres  of  diameter  ranging  from  about 
2nin  to  12nin.  The  measurements  are 
conducted  in  the  wavelength  range  from 
1.4nin  to  1.6nin.  The  results  of  both 
the  oaloulaticns  and  measurements  of 
reflection  ooefflolents  of  fundamental 
(EH. . )  mode  from  spheres  are  presented 
In  the  figure  as  a  function  of  ^b. 
From  this  figure  It  oan  be  seen  that 
the  agreement  between  the  theoretloal 
and  eocperlmental  patterns  Is  good  (the 
error  la  less  IDb). 

4.  OQMCUJSIEN 

Our  Investigation  ahows  that  the 
similar  teohnlque  oan  be  applied  In 
analyzing  the  aoatterlng  from  other 
objects  Inside  a  DC-wavegulde. 


B.RBimmCBS 


1.  Yu.  N.  Kazantsev  and  Q.  A.  Harlaahkln,  "ClroulAr  waveguides  of  the  class  of 

"liollow  dielectric  channel"  (In  Russian),  Badiot&ciTnlaa  i  Eleotranloe  Vol.29,  M6, 

pp. 1441-1460,  1984, 

2.  C.  Dregone,  "High- frequency  b^vior  of  waveguides  with  finite  surface 
lirpedanoea,"  Bell  Syat.  Teah.  J, ,  Vol.60,  pp. 69-115,  January  1981. 

3.  N.  Morlta  and  N.  Kunagai,  "Scattering  and  m^e  conversion  of  guided  modes 
by  a  spha  rloal  object  in  an  optical  fiber,  "  lEM  Trans.  Miorcmve  Theory  and  Tech. 
Vol.Mrr-28,  pp.  137-141,  February  1980. 


204 


Tu3.2 
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ABSTRACT 

A  numerical  technique  which  may  be  used  to  calculate  scattering  from  a  homogeneous  cylinder  with 
arbitrary  smooth  oross*8ectlon  shape  Inside  a  dielectric  slab  waveguide  has  been  developed.  By  means 
of  surface  potentials  method  the  Initial  diffraction  problem  Is  reduced  to  the  system  of  two  integral 
equations.  A  new  more  efficient  solution  procedure  for  the  Istest  Is  proposed.  A  number  of  examples  for  the 
scattering  and  mode  conversion  of  guided  modes  are  presented. 

INTRODUCTION 

An  analysis  of  scattering  from  Inhomogeneltles  Inside  open  waveguides  has  been  of  great  Interest  recently 
In  connection  with  the  design  of  various  optical  and  mlllimeter*wave  components  such  as  filters,  grating 
couplers,  and  distributed  feedback  lasers.  The  unboundedness  of  a  structure  causes  continuity  of  the 
elgenmodes  spectrum  and  presence  of  radiated  wavesV  That  Is  why  the  problem  is  more  difficult  than  that  In 
a  closed  waveguides.  When  dimensions  of  an  obstacle  in  a  slab  are  much  smaller  then  wavelength  the 
asymptotic  method  can  be  applied  efficiently^.  For  larger  obstacles  the  diffrsotlon  problem  has  been  solved 
for  the  circular  cylinders  (only  In  2-D  case)^>^ .  In  this  paper  a  numerical  technique  has  been  developed  which 
may  be  used  to  calculate  scattering  from  an  homogeneous  cylinder  with  an  arbitrary  smooth  cross-section 
shape  Inside  a  dielectric  slab  waveguide. 

2.  FORMULATION  OF  INTEGRAL  EQUATIONS  AND  SOLUTION  PROCEDURE 

A  dielectric  slab  occupying  region  b<x<0  (b<0)  In  the  three-dimensional  space  (x,y,z)  is  considered.  A 
dielectric  cylinder  Is  embedded  In  the  slab  along  x  axis.  Cross-section  S  of  the  cylinder  Is  bounded  by  an 
arbitrary  smooth  curve  Z.  Permittivities  of  the  slab  and  the  cylinder  are  designated  as  Sj  and  Bq 
correspondingly.  Assume  that  sources  homogeneous  along  x  axis  produce  the  Incident  TM-polarized 
electromagnetic  field.  In  view  of  the  geometry  and  the  characteristics  of  the  Incident  field,  this  Is  a  two- 
dimensional  problem  and  the  scattered  electric  field  has  only  an  x  component.  The  time  factor  Is  assumed 
to  be  «xp(-ilt»0.  The  scattered  field  outside  Z  and  total  field  Inside  Z  are  represented  by  means  of  the  surface 
potentials.  The  Kernels  of  this  Integral  representation  are  2D  Green’s  functions  of  the  slab  and  the 
homogeneous  halfspace  with  permittivity  Sg  correspondingly.  Substituting  this  Integral  representations  in 

boundary  conditions  on  the  curve  Z  one  may  receive  a  system  of  two  Integral  equations.  The  Kernel  of  the 
first  equation  has  a  logarithmic  singularity,  while  the  second  is  the  Fredholm  type  equation  of  the  second  kind 
and  the  kernels  of  this  equations  are  bounded  continuous  functions. 

The  system  obtained  has  a  unique  solution  In  a  class  of  continuous  smooth  functions,  so  the  surface 
potentials  can  be  represented  by  Fourier  series.  Then  utilizing  the  orthogonality  of  the  functions  exp(/nO  the 
Initial  system  of  Integral  equations  Is  reduced  to  the  Infinite  system  of  algebraic  equations.  The  latest  Is  the 
Fredholm's  type  system  of  the  second  kind  and  can  be  solved  numerically  by  means  of  reduction  with  arbitrary 
accuracy. 

When  the  values  of  surface  potentials  are  known  the  total  and  scattered  field  can  be  calculated  using  the 
Integral  representations.  In  the  far  zone  of  the  cylinder  In  the  upper  or  the  lower  halfspaces  using  the 
asymptotic  expression  of  Qreen't'  function,  the  scattering  diagram  cjn  be  obtained. 
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3.  NUMERICAL  EXAMPLES 

The  lowest  order  mode  is  assumed  to  be  Incident  upon  the  elliptic  cylinder,  The  equation  of  the  curve  I 
we  choose  as  r(0'*a(cos(f)y  /)sln(t)z)  +  b/2z.  We  characterize  wave  scattering  outside  the  slab  b<z<0  by 
scattering  cross-section  Of  ’“Pj/Pi ,  where  Is  the  total  power  scattered  In  the  upper  (lower)  halfspace  and  P/ 
Is  the  total  power  transferred  by  the  Incident  mode  along  y  axis.  The  scattered  field  inside  the  stab  is 
characterized  by  the  total  power  P^*^  (Pp') ,  which  Is  transferred  by  the  nth  mode  of  the  scattered  field  along  y 
axis  In  positive  (negative)  directions,  and  the  mode  conversion  coefficient  P^P/ .  Fig.  1  shows  the  cross- 
sections  Or(curve1)andoi'^(2),cT^‘(3)  as  functions  of  frequency.  Here  s/|b|"3.0,  h*0.25, 6|  ■2.25,  .0. 


41^1 

Flg.1.  Total  scattered  power  and  mode  conversion  coefficients. 

4.  CONCLUSION 

The  scattering  and  mode  conversion  of  guided  modes  of  the  slab  waveguide  by  an  arbitrary  smooth 
dielectric  cylinder  has  been  analyzed  by  a  numeiiC4il  method.  Some  representative  numerical  examples 
have  been  presented.  The  method  proposed  may  be  applied  to  the  open  waveguide  with  complex  structure 
and  Inhomogeneous  obstacles  as  well. 
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RiaOROUS  ANALYSIS  OP  8-0  DISCONTINUITY  PROBLEM 
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Abftraci 

A  rigorous  analysis  of  8*D  diicontlnuitgr  problem  In  dlslsctiic  wavsguids  is  presented  by  the  msthod 
which  combines  the  mnltUnode  network  theory  with  the  rigorous  mode  matching  procedure  both  in  the 
transverse  section  and  in  the  longitudinal  direction.  Good  agreement  has  been  found  between  the  numerical 
results  and  the  experimental  data  in  the  literature,  and  the  effectiveness  and  accuracy  of  the  present  method 
are  thus  Justified. 


Summary 

Dielectric  waveguide  has  played  an  Important  role  in  millimeter  and  optical  wave  integrated  circuits.  It  is 
necessary  to  know  the  scattering  characteristics  at  discontinuities  when  the  integrated  circuits  are  designed. 
In  previous  work,  a  dielectric  waveguide  3>D  discontinuity  problem  has  for  most  part  been  treated  by 
reducing  it  to  an  equivalent  model,  which  may  bring  errors  in  accurate  circuit  deaign.(l]  Althou^  some 
methods  treat  the  3*D  diMontinuity  problem  directly  without  using  the  2*D  model,  ineufflclent  approximated 
field  expressions  are  also  introduced  in  their  analysis.(2]  In  this  paper,  the  scattering  characteristics  of  the 
3«D  discontinuity  problem  are  investigated  by  the  method  which  combines  the  building  block  approach  of 
oultimode  network  theory  with  the  rigorous  mode  matching  procedure  both  in  the  transverse  section  and 
in  the  logitudinal  direction.  An  approximation  is  introduced  to  place  perfect  conducting  watts  far  away  flrom 
each  side  of  the  dielectric  block  and  the  dielectric  waveguide  structure  becomes  a  partially  fitted  dielectric 
waveguide.  In  such  a  way,  the  model  spectrum  is  discretixed  to  facilitate  the  analysis,  while  the  essential 
physics  of  the  scattering  process  is  not  affected. 

As  an  example  of  the  3<D  discontinuity  problem,  Fig.l(a)  shows  a  geometrical  configuration  of  a  dielectric 
image  guide  (DIG)  grating  under  consideration.  Since  the  structrue  is  syrrmetrlcal  in  the  longitudbal 
direction,  it  may  be  analyzed  in  terms  of  the  syrrunetrlcal  and  antbsymmetrlcal  excitations  for  which  we 
have  the  open'circuit  (0.0.)  and  ihort>circuit  (S.O.)  bisections  respectively,  u  indicated  in  Fig.l(b).  The 
scattering  properties  of  each  bisection  can  be  investigated  through  the  refiectlon  coefficient  of  each  basic 
unit.  It  is  proved  that  the  input  impedance  matrix  at  s  sf  plane  looking  to  the  right.  Is 

z(sr)-Q,i(s;)Qrt.  (1) 

The  refiection  coefficient  matrix  Fls^")  ,  at  the  s  ■  s,~  plane  looking  to  the  right,  can  easily  be  obtained  by 

rk-)  -  (*(•(-) + -  *«|.  (») 

th.n,  th.  tnpiit  liiip.dMe.  nutrU  th.  .  ■  .^|  pUm  lookln,  to  th.  rlflit  U  d.t.nalii.d  by 
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The  reflection  coefficient  matrix  S«  and  Et  of  the  atep  Junction  correepondini  to  the  0.0.  and  S.O.  bi* 
section  can  be  determined  by  using  eq8.(l)‘(3),  respectively.  The  scattering  coefRcient  matrix  E  and  the 
transnibsion  coefRcient  matrix  T  of  the  entire  structure  are  then  given  by 

E-(Eo  +  E,)/2,  T-(B^-E,)/8.  (4) 

Fig.2  (a)  and  (b)  show  the  transmission  loss  of  the  E{|  mode  versus  frequency  for  two  3>D  DIQ  gratinp, 
respectively.  In  the  flgure,  the  solid  lines  represent  numerical  data  computed  using  the  present  method, 
whereas  the  experimental  results  reported  in  [I]  are  indicated  by  dashed  lines,  and  good  agreement  is  seen 
over  all  frequencies;  the  efTeetlveness  and  accuracy  of  the  present  method  are  thus  Justified. 
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Fig.2  IVansmlsslon  loss  verus  frequency  for  two  DIQ  gratings. 
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Analytlf  of  icattorinq  of  tho  opon  rtoonator  flold 
from  tho  cavity-backod  aporturo 

Olog  Bolouof  Vladimir  Voramoyi  Anatolii  Fiiun  and  Anatolii  Furtov 

Initltute  of  Radiophyoico  and  Elactronlct  Ukrainian  Acadamy  of 
Sclancooi  12i  ac>Pratkura  it- tKharkovt310085«  Ukraint 

ABSTRACT 

Ratonanct  Inhomoganoltloo  at  cavlty-backad  aparturot  ara  prupotad 
for  tha  fflodt  talactlon  in  opan  raoonatort-  Tha  luggatted  cavity-backad 
aparturat  Inhomoganaitiat  it  a  parfactly  conductiva  circular  cylindar 
with  a  longitudinal  tlot*  A  tuparpoaitlon  of  two  plana  wavat 
propagating  in  oppotita  diractiont  it  contidarad  at  an  incidant  fiald 
in  tha  thaoratical  rataarch*  It  it  thown  that  tha  tlottad  cylindar  can 
both  ba  imparcaptibla  for  an  initial  ttationary  wava  fiald  and 
afficiantly  icattarad  it  in  dapandanca  of  tha  paramatart  of  tha 
cylindar-  Tha  oKparimantal  ratultt  in  tha  Brnm  wava  band  ara  in  good 
agraamant  with  numarical  data-  An  rotation  of  tha  cylindar  or  itt 
thift  from  tha  datarminad  potition  toward  tha  opan  ratonator  mirrort 
laad  to  tha  contidarabla  incraating  of  tha  tcattarad  fiald  anargy  and 
contaquantly  to  docraailng  tha  opan  ratonator  Q- 

1-  An  analytit  of  alactromagnatic  propartiat  of  an  Opan  Ratonator  <0R> 
with  a  parfactly  conducting  cylindrical  inhomoganaity  having  a 
ratonanca  cavity  it  pratantad-  Tha  davalopmant  of  tha  maaiuring 
davicatt  alactrovacuum  and  tolid  -atata  ganaratort  of  tha  millimatar 
wavat  atimulatat  Intaratt  in  tha  problam  of  tha  inhomoganaity  affact 
on  tho  OR  charactariatict-  Inhomoganaitiat  within  tha  guatioptical 
ratonator  tyttamt  oparata  at  tranaformart  of  tha  OR  impadanca  into  tha 
pattiva  or  activa  alamantt  Impadancat  and  at  affoctiva  diatlpatort  of 
haat  producod  by  from  tha  activa  atructuraa- 

Tha  ratonanca  inhomoganaitiat  at  cavl ty-backad  aparturat  ara 
propotad  for  tha  moda  talaction  in  opon  raionatort-  Tho  tuggattad 
cavity-backad  aparturat  inhomoganaitiat  it  a  thin  parfactly  conductiva 
circular  cylindar  with  a  longitudinal  tlot- 

It  wat  thown  aMparimontally  that  a  tuparpotition  of  tha  fialdt  of 
two  plana  wavat  travaling  in  oppotita  diractiont  with  cartain  phata 
thift  can  tarva  for  a  timpla  modal  of  tha  guati-optical  OR  fiald  naar 
tha  tymmatry  axit-  Thit  modal  hava  boon  utad  in  tha  pratantad 
thaoratical  rataarch-  Tho  two-dimanaional  problam  of  wava  diffraction 
on  tho  parfactly  conducting  axially  tlottad  cylindar  wat  tolvad  by  tha 
mathod  of  tha  Raimann^Hl Ibart  problam- 

2- Tha  atructura  it  axcltad  by  tha  plana  wavat  with  vactor  H  parallal 
to  tha  cylindar  axit-  Tha  initial  boundary  valua  problam  hat  boon 
raducad  to  tho  N  oyitam  of  dual  tariat  oquationi  for  Fourlar 
coafficiantt  of  tha  turfaca  currant  dantitv  functiona  i/iny  Tha 
ragularizatlon  of  tha  ayttam  ia  tha  invartion  of  tha  matrix  oparator 
itatlc  part*  which  corratpond  to  a  tingla  alamant  axcitation  and  thit 
invartion  hat  baan  fulfillad  by  tha  mathod  of  tha  Riamann*-Hi Ibart 
problam- 
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3>  Tht  numarical  ratulta  for  tho  total  fluK  of  Pointing  voctor  for  tha 
acattarlng  fiald  «5>i  dividad  by  4a  ara  praiantad*  Tha  anargy  of  tha 
acattarad  fiald  dapand  upon  tha  fraquency  and  location  of  tha  uncloaad 
cylindar  in  tha  itationary  wava>  Tha  phaaa  shift  < >  corraapond  to 
tha  position  of  tha  cylindar  axis  with  raapact  to  tha  nodaa  of  tha 
incidant  fiald  ■■0  tha  axis  is  in  an  antinoda  of  tha  H-fiald 

of  tha  stationary  wava  and  if  ■  9r/2  tha  axis  is  in  a  noda>>  It 

was  found  that  tha  anarqy  of  tha  scattarad  fiald  can  ba  raducad 
considarably  by  tha  choica  of  tha  position  of  tha  cylindar  in  tha 
stationary  wava  fiald  CFig>l>  or  by  tha  rotation  of  tha  cylindar 
<Fig.2>. 

4- Tha  axparinants  wara  carriad  out  in  tha  27-360Hz  band>  OR  is  formad 
by  spharical  mirror  of  curvatura  radius  R^ldOmm  and  flat  mirror  with 
diamatars  di*90fflm«  Tha  distanca  batwaan  tha  mirrors  is  90mm«  Tha 
rasonanca  voluma  of  tha  OR  is  connactad  with  input  and  output 
wavaguidas  (with  cross-saction  7*2*3*4mm>  by  two  coupling  slots  with 
crosB**saction  7>2a0«2fflm«  Tha  closad  circular  coppar  cylindar  and  tha 
thin  circular  coppar  cylindars  having  longitudinal  slot  with  angular 
dimansions  6^ ■21*8* and  180*  ara  studiad  axparimantally*  Tha 
cylindrical  inhomoganai tias  wara  installad  with  possibility  of 
displacamant  and  rotation- 

Tha  Q-factor  of  tha  OR  with  tha  inhomoganaitias  was  maasurad*  It  was 
shown  that  tha  slottad  cylindar  with  small  cross-sactional 
wavadimansions  (lass  than  ^ /4>  and  with  ^■160*  is  almost 
imparcaptibla  if  tha  cylindar  is  locatad  at  tha  dafinita  distancas 
from  tha  flat  mirror*  Tha  scattarad  fiald  anargy  is  considarably 
incraasad  whan  tha  cylindar  is  shiftad  from  tha  dafinita  position* 

This  rasult  was  pradictad  by  tha  thaoratical  study  of  tha  scattaring 
of  a  stationary  wava  fiald  by  a  circular  slottad  cylindar* 

In  tha  casa  of  tha  closad  circular  cylindar  or  tha  slottad  cylindar 
(with  angular  dimansions  of  tha  slot  21*^  within  tha  OR  tha 
displacamant  of  tha  inhomoganaity  doas  not  hava  an  substantial 
influanca  on  tha  rasonator  Q*  Thasa  cylindars  afficiantly  scattar 
alactromagnatic  anargy  and  tha  OR  Q  is  dacraasad  considarably  in  spita 
of  small  cross-sactional  wava -dimansions  of  tha  inhomoganaitias  (saa 


210  Tu3.5 

Reionant  frequenciei  and  Q-factori  ofa  ipherical  cavity  loaded  by  an  eccentric  dielectric  aphere 


Ll~Yang  Zhang,  Pin  Wang,  and  Chang-Hong  Lang 
Department  of  Electromagnetic  Engineering 
Xidian  University,  Shaanxi  710071,  P.  R.  China 

ABSTRACT 

A  novel  harmonic  expansion  form  la  employed  for  describing  the  modes  b  a  spherical  cavity  loaded  by  an 
eccentric  dielectric  aphere.  Charaeteriatio  equation  for  complex  resonances  is  obtained.  Numerical  results  for 
both  resonant  frequencies  and  Q-factors  showing  the  stability  and  eiTIclency  of  the  method  are  given. 

1.  INTRODUCTION 

It  is  believed  that  determination  of  the  Q-l)actors  of  the  modes  in  a  dielectric  loaded  cavity  or  resonator,  at 
well  at  the  resonant  IVequenciet,  play  an  important  role  in  realistic  niter  design  in  microwave  circuits,  MIC  and 
MMIC.  Some  methods  hat  been  established  for  calculating  resonant  frequencies  in  tome  special  structures  re. 

oently,  e.g.  for  hybrid  modes  in  oyllndric  cavity  loaded  by  dielectric  rods'**  and  TE  and  TM  modes  in  spherical 
cavity  loaded  by  an  eccentric  dielectric  sphere* .  However,  conventional  method  for  evaluating  Q~faotor  for  a 
cavity  or  resonator  requires  both  resonant  frequency  and  field  distribution  of  the  cone  imed  mode,  especially 
complicated  computatlona.  That  subsequently  results  in  awfbl  computational  burden  in  optimal  filter  design,  In 
this  paper,  multiple  expansion  method  is  developed  for  determining  both  resonant  frequencies  and  Q-factors  of 
the  structure  being  composed  of  two  or  more  nonconeentric  dioloctrlo  spheres. 

2.  FORMULATION 


Consider  the  three  regions  1  ,II  and  in  in  an  eccentric  spherical  configuration  shown  in  Fig.l  filled  with  ar* 
bitrary  physical  media.  The  electric  field  of  each  mode  might  be  described  by  the  following  derivative  equation 
and  boundary  conditions 

7x7KE,(r)-*jE,(r^)-0,  b  I,n  end  1  (1) 

r,  xtE,(r)-E,(r)l-0,  r,  x  V  x  E,(r)-^E,(r)l-0,  on  S,,  (2) 

r,  x[E,(r)-E,(r)]-0,  r,  X  VxI^E,(r)-;^E,{r)l-0,  on  S,,  (3) 

in  which  k*  ■■cu*s^/i^ ,  Lot  (r,,0|,e>,)  and  4s,) denote  the  two  spherical  coordinates  centered  at  0,  and 
0, ,  respeotively.  Notice,  the  fllod  in  region  II  can  bo  considered  to  be  generated  by  th;  ’Equivalent  sources  on  5, 
and  5,  in  fVeo  space.  Therefore,  these  fields  may  exactly  be  described  by  multiple  expunsion  involving  spherical 
harmonics  in  the  two  spherical  coordinates,  such  as 


B,- Z  +  Dl.Nr r,>a  end  r,<h, 

B,-Z 


(3) 
(6) 

•  a|  ■■  -• 

However,  in  the  vicinity  of  those  boundaries,  the  field  in  region  n  may  bo  described  by  harmonic  expan* 
sions  involving  harmonics  of  a  single  spherical  coordinate,  such  ss 

■  sa ;  ass  ->• 

where  /J*,  gj*,  /[*,  g**,  yj*,  gj*,  g|*,  could  bo  determined  by  using  the  orthogonality  of  these 
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harmooici  on  S ,  or  5 , .  Since  (7)  or  (8)  repreienti  the  identical  fleld  deicribed  by  (5)  in  the  vicinity  of  the  corre- 
(ponding  boundary,  compared  (7)  with  (S),  at  well  at  (8)  with  (S),  it  is  found  that 

tl  AA  A 

,  ■■  c*  /t** ,  and  i>’  -  d’  x**  •  Then  considering  the  above  relations  and  subtracting  (8)  or  (7)  from  (5), 

MU  18  M®  M®  li 

and  by  employing  translational  addition  theorems  for  vector  spherical  harmonics,  one  gets 


2  U  .  v' /  S  ^  .  jS  n<*'  A  i*  •*.  T' /  J*  1  J*  J  *•  ••\  A 

V«# 


w-0,±  (9) 

where  ^  and  are  the  translation  coemcienta.  The  characteristic  equation  for  the  modes  in  the 

we  Me  Me  iwe 

strueture  is  consequently  obtained  by  forcing  the  determinant  of  the  ooefndent  matrix  in  (9)  to  be  zero.  For  a 
cavity  of  low  loss,  Q-ihctor  of  the  mode  may  be  described  by  its  complex  resonance 

Q,-  ~/l*(0),)/2/m(0),)  ,  //lf,e{a>,)>  >/m(ci)j),  (10) 


3.  NUMERICAL  RESULTS 

It  should  be  pointed  out  that  the  media  I  ,U  and  III  may  be  any  homogeneous  isotropic  medium,  e.g. 
dissipative  dielectric  or  metal  of  finite  conductlvity.Suppose  medium  III  get  a  large  but  finite  conductivity,  then 
the  structure  means  a  metallic  cavity  loaded  with  an  eccentric  dielectric  sphere.  For  performing  numerical  calcu¬ 
lation,  an  adequate  truncation  number  will  be  set  for  the  series  in  (4-6).  Consequently  (9)  gives  4y  linearly  in¬ 
dependent  equations, 

4.  CONCLUSIONS 

Analysis  for  both  resonances  and  Q-factors  of  a  spherical  cavity  loaded  by  an  eccentric  dielectric  dielectric 
sphere  is  initiated  in  this  paper  with  multiple  expansion  method.  Numerical  results  are  given  to  show  the  reliabili¬ 
ty  and  efnclency  of  the  formulations. 


5.  REFERENCES 

1,  K.  A.  Zaki  and  A.Atia,^Modes  in  dielectric-loaded  waveguidesand  resonators,  /£££  Trans,  an  MTT, 
Voi.  MTT-31,pp.l039-1044,  1983. 

2,  M.  M.  Taheri  and  D.  Mirshekar-Syahkal,  Accurate  determination  of  modes  In  dielectric-loaded  cylin¬ 
drical  cavities  using  a  one-dimensional  finite  element  method,  ^  /£££  Trans,  on  MTT,  Vol.  MTT, 37, 
pp,  1336- 1541,,  1989, 

3,  J.  D,  Kanellopoulos  and  J,  O,  Fikioris,  *  Resonant  frequencies  in  an  electromagnetic  eccentric  spherical 
cavity, "  Q.  Appl,  Math.,\o\.  37,  pp,  31-66, 1979. 


Fig,l  An  eccentric  spherical  cavity 
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TII-P0LARI2ED  WAVE  SCATTERING  FROM  DIELECTRIC  CYLINDER 
EMBEDDED  IN  A  STRATIFIED  MEDIUM 

A. G. Yarovoy,  and  N.P.Zhuck 

Department  or  Radlophyalcs,  Kharkov  State  University, 

4  Svobody  Sq. ,  310077  Kharkov,  Ukraine 

Abatroot-  Two-dimensional  soatterlng  from  an  arbitrarily  Inhomoge¬ 
neous  body  burled  In  a  homogeneous  layer  has  been  considered  using 
the  Integral  equation  formulation  over  the  cross-seotlon  of  the 
body  and  the  moment  method.  The  arising  system  of  linear  algebraic 
equations  Is  solved  with  the  aid  of  conjugate  gradient  method  and 
one  dimensional  fast  Fourier  transform.  The  solution  can  be 
applied  to  Investigate  problems  connected  with  microwave  and  optic 
design,  non-destructive  control  and  remote  sensing.  Some  numerical 
results  are  presented. 
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Variational  solution  of  resonant  cavity  filled  with  anisotropic  plasma 

Kai  Liu  Wenxun  Zhang  Jimin  Ying 

Department  of  Radio  Engineering,  Southeast  University 
Nanjing  210018,  P.R.CHINA 


ABSTRACT 

In  this  paper,  a  variational  equation  for  aotving  eleotromagnetio  flald  boundary  value  prob< 
lem  it  deduced  flrom  Maxwell's  equations,  it  holds  the  advantage  of  that  the  trial  Ibnotions  are 
not  reitrloted  by  theboundary  condition,  and  ia  eapeoially  uaethll  for  aolving  problem  with 
anisotropic  medium  in  an  irregular  geometry.  The  reaonant  oharacterlstioa  of  plaama-fliled  oav< 
ity  ia  analyaod  by  using  the  Rayleigh-Ritz  method,  the  resonant  fVequenoy  and  Q-value  of 
quasi'-  and  quaai  ->  r£^,^  modes  are  calculated  at  the  Ibnotiont  of  plasma  parameters, 
they  have  important  value  of  reference  in  industrial  application  of  plasma. 

1. INTRODUCTION 

With  reference  to  the  electromagnetic  field  boundary  value  problem  with  anisotropic  me¬ 
dium,  P.S.Bpateln[1]had  provided  rigorous  claatical  analytii  which  involves  tedious  tensor  de¬ 
duction,  and  is  valid  only  for  the  problems  with  regular  geometry.  R.R.Qupta  and 
R.P.Harrtngton[2]  have  examined  the  rectangular  cavity  filled  with  anisotropic  plasma  by  using 
the  Methods  of  Momenti(  MoM) ,  and  presented  several  computational  curves  of  the  fl'equenoy 
shift  and  the  variation  of  quality  faotorf  Q }  versus  the  plasma  parameters.  A.D  .Berk  first  estab¬ 
lished  the  variational  principles  of  waveguide  end  reaonant  cavity  filled  with  anisotropic  me¬ 
dium.  A.Konrad[3]  deduced  a  kind  of  variational  equations  of  rectangular  and  circular 
waveguide  in  detail,  but  no  example  was  calculated  in  his  paper.  In  this  paper,  according  to  the 
stationary  condition  of  a  funotlonal[4]  and  by  using  the  Rayleigh-Rltx  method,  three  compo¬ 
nents  of  magnetic  fields  are  expanded  In  the  form  of  polynomial  with  complex  ooefriolenta.  In 
the  case  of  homogeneous  medium,  the  matrix  equation  will  be  replaced  by  several  individual 
algebraic  equations  which  can  determine  the  resonant  frequencies  of  difibrent  modes  in  the  cavi¬ 
ty  without  plasma.  The  coupling  between  field  components,  due  to  presence  of  plasma,  results  In 
that  the  matrix  equation  can  not  be  separated,  and  the  resonant  frequencies  of  various  modes 
are  changed. 
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2.STATIONARY  FUNCTIONAL  FORMULAS 
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For  time-harmonic  fleIdjLin  anisotropic  medi^,  Maxwell's  equations  are  as  follows: 

V  X  £  «■  -  /  wiflH,  V  X  /f  !■  /  (otE  4-  J 

V(8fi)-0,  (1) 

where  "p  is  the  dyadic  permeability,  7  is  the  dyadic  permittivity.  Bach  wave  equation  corre* 
spending  to  £  or  H  can  be  easily  yield.  Through  the  minimal  energy-related  functional  and 
the  Gauss'Divergence  Theorem,  in  a  region  constituted  by  plasma  without  source,  the  function¬ 
al  related  to  magneti^eld  strengt^is  given  by  _  _ 

F(H)  -J^Vx//tS"!Vx  Hda  -  (a*  Hdd  (2) 

This  treatment  will  result  in  that  the  trial  function  is  no  longer  be  restricted  by  the  boundary 
condition. 


3.RESONANT  CHARACTERISTICS  OF  PLASMA-FILLED  CAVITY 

The  resonant  frequency  in  a  cavity  filled  with  anisotropic  plasma  will  be  shifted  Arom  that 
in  an  empty  cavity  with  the  same  geometry  and  the  quality  fhotor  Q  will  also  bo  changed,  they 
can  be  expressed  as 

A(.,/ni,)-/fe(-^),  A(\/Q)^2Jmh^)  (3) 

where  oi,  is  resonant  frequency  of  empty  cavity.  The  modes  in  plasma-filled  cavity  may  not 
be  classified  into  TB  or  TM  modes  related  to  z-directlon.  However,  thoy  will  degenerate  to  TB 
or  TM  modes  if  the  electron  density  is  reduced  to  zero.  Hence,  the  terminology  'quasi-TE^  or 
'quasi-TM*'  is  used  to  denote  these  modes,  corresponding  to  their  empty  cavity  designation.  As 
shown  in  Fig.2,  it  is  evident  that  the  numerical  results  are  good  agreement  with  those  computed 
by  using  the  MoM[2].  In  the  case  of  circular  cylindrical  cavity  ( Fig.4 },  when  (,(o^  /  m)  >  1,  the 
shift  Am  is  positive  for  (m^  /  m)  >  1 ;  and  negative  for(m^  /  m)  <  I . 

It  seems  that  an  unsuitable  combination  of  D-C  magnetic  field  corresponding  to  m^  and 
the  electron  density  corresponding  to  results  in  those  unstable  performance  of  plasma. 
Hence,  they  must  be  chosen  carefully  in  practical  applications. 
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216 


Tu3.8 


Op»n  r»«onator  with  mod*  s*l*ctlon  for  mi  1 1 im*t*r-wav*  d*vic*i 

0«I>B*lou*«  A^I'Fitun*  A>M>Fursov«  A> A«Kiril*nko«  V* I • Tkachonko 

Instltut*  of  Radiophytic  and  Eloctronic*  Ukrainian  Academy  of  Science 
12«  Acad*  Proekura  «t>»  Kharkov*  310085*  the  Ukraine 

ABPTRftCI 

Analysie  of  the  open  resonator  with  a  selective  elements  has  been 
presented*  As  a  selective  elements  are  using  a  reflection  diffraction 
gratingso  The  rarefaction  of  the  spectrum  depends  of  the  type  of  the 
grating  The  distribution  of  the  field  of  the  eigenmode  was  inves¬ 
tigate  and  the  domain  of  application  was  determine  for  this  results- 

The  first  application  of  the  open  resonators  (ORs>  for  mm-devices 
was  make  for  in  1960-1970-  The  analysis  of  various  types  of  open 
resonators  has  shown*  that  they  possess  high  Q-guality  and  dimensions 
lager  of  the  wave  length-  However*  the  rarefaction  of  the  spectrum  in 
OR  Is  insufficient  in  a  number  of  case-  In  these  paper  ORs  with 
echelette  or  cornerechelette  mirrors  are  inveetigate  Cl]- 

2.9PECTRUH  AND  FIELD  CALCULATE 


The  real  echelette  ORs  and 
cornerechelette  ORs  was  repre¬ 
sented  plane  two-dimensional  model 
(see  fig-lb*c>-  The  electrody¬ 
namics  model  system  <8EM-d>  Cl] 
was  applied  in  this  research-  The 
approach  of  the  decomposition  was 
used  for  the  precise  model  of  the 
different  electrodynamics  structu¬ 
res-  The  OR  was  considered  as  a 
superposition  the  number  of  the 
waveguide  discontinuities  with  the 
transmit  of  the  load  to  the  open 
end*  of  the  waveguides-  The  know 
8-matrlK  of  the  waveguide  discon¬ 
tinuities  are  using  in  this  calcu¬ 
lations  (triple  waveguide*  strps  and  open  ends  of  the  waveguides)-  The 
employment  of  the  rapid  numerical-analitical  algorithm  allowed  to 
analyses  the  spectrum  and  fields  of  the  open  resonator  for  the 
characteristic  dimensions  8B  aiO-S-lO*  where 

^zQ/Xi  O  -  interval  between  a  reflector*  and  <X  -  wav*  length- 

S.CAUCULATIQN  RESULTS 

The  spectrum  of  eigenosci 1 lations  was  calculated  as  a  module  of  the 
power  reflection  coefficient  on  the  section  of  the  OKciting  waveguide 
(see  fig-l>-  The  curve  of  the  equal  values  of  H-component  fields  are 
showed  on  the  fig-  i\3*d  for  different  numbers  9B  .  The  calculation  is 
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midi for  th«  •ch«ltttt«  and  cornoroholotto  rotonator* for  O  /  d aO.?!* 
whtro  0  -  mirror  aporturo*  Tho  opoctrum  of  tho  rotonator  with  tho 
•fflooth  roflactoro  i«  ohowod  on  tho  fiq*  la  for  tho  comparison  with 
anothor- 


4>1>  Tho  opoctrum  of  tho  ocholotto  rooonator  hat  at  moot  rarof action 
amonqot  anothor  OR  study  in  thooo  papor*  Tho  maMimum  of  tho  fiold 
distribution  is  movod  to  tho  narrow  part  of  rosonator>  This  is  woll 
conformod  with  tho  OKporimont  C23«  and  this  appoaranco  is  oMplainod  of 
tho  difforont  rofloction  coofficiont  from  tho  opon  onds  of  rooonator- 
4>2-  Tho  flolds  of  samo  oiqonoscillatlons  havo  at  most  intonslvo  of 
concontration  not  far  from  tho  top  of  cornor  in  tho  OR  with  tho 
cornorocholotto  mirror  <for  oxamplo  de  ■•0-943«  9&«3«0969)- 
4«3-  Tho  H~componont  fiold  OR  distribution  is  vory  important  paramotor 
for  tho  olaboration  of  tho  mm-wavo  solid-stato  sourcos-  This 
distribution  shows  whoro  tho  intoraction  of  tho  nonlinoar  activo 
olofflonts  with  tho  rosonator  H-componont  fiold  wllo  bo  optimum- 
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Quaii'optici  «igenmodet  of  tho  waveguide  reeonator 
A.I.Kleev 

P.L.Kapitia  Inetituie  for  Phyiical  Problemi 
RuMian  Academy  of  Sciencee 
ul.  Koiygina  2,  Momow,  117334,  Rutiia 


The  quaii-epties  eigenmodei 
of  the  waveguide  teionatoi  fot  ficee 
electron  laeet  (FEL)^  ate  coneideted 
in  this  paper.  The  model  of  the 
free  electron  laeei  optical  eyitem  ie 
a  waveguide  reconator  contieting  of 
a  uniform  waveguide  of  a  2a  in  di¬ 
ameter  and  2I>  in  length  and  mir- 
tori  with  curvature  radii  JZi  and  Rj 
which  are  placed  at  dietancee  of  Lt 
and  Li  from  the  otigb  of  coordi¬ 
nates  (see  Fig.  1).  We  consider  the 
system  whose  dimensions  are  much 
longer  than  the  wavelength  A  and  a 
parabolic  equation  can  be  used  for 
the  description  of  Helds, 


The  electric  field  in  the  resonator  can  be  expressed  in  form  of  the  sum  of  two  waves: 

-Si-il'^«,y.-)«p(ifcs)-.(-l)«J»l‘>(«,p,--f)expH^^  (1) 

#"•1,2,  q  -  integer  number.  The  time  factor  exp(~iw{)  (wovclb,  v«  is  the  vacuum  light  velocity,  h  -2v/A) 
is  assumed  and  suppiewed  throughout  the  paper.  It  is  convenient  to  introduce  two  scalar  functions 
F^‘\t,6)  and  F^%9) 

exp(i*I, -  F^*\i,  fi)  +  d)exp(-2<^),  t  -  r/o,  9  -  »/D,  (2) 

In  the  waveguide  the  unknown  functions  Fo*^(t,d)  and  can  be  expressed  in  terms  of  sums 


aN-i 

2  kii*H«)7if^.f|(jn<)«p(-<anAfi),  A-D/2*a*,  7^“^" 


fiaO 


Fields  in  the  system  under  consideration  can  be  obtained  by  solving  the  equation: 


0 

1  wi‘) 

0 

Rb(l)-r«Wb(-l),  R- 

0  r4*> 

0 

.  W- 

0 

0 

Ri^’  0 

0 

wi«| 

1 

0 


b(d)-(6^'>(fi) . . Ar-l,n-0,l . 2N-1. 


(3) 


(4) 
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We  coneidei  an  initially  monoenergetic  highly  telativiiiic  electron  beam  moving  in  the  poiitive  x  direction 
through  a  periodic  circularly  polariied  wiggler  (o  that  the  transverie  velocity  U  vx  and  the  longitudinal 
velocity  ii  V||.  The  self-conmtent  lystem  of  equations  describing  the  interaction  of  the  electron  beam  with 
the  Held  has  the  form; 


dbn{9) 

dO 


I 


3v 

-  J  9Xp[<po  +  ^{VOt9)]dtfiQ,  Pft  - 


where  Nn  is  the  norm  of  the  circulaty  polarised  mode  of  a  circular  waveguide  and 

».  -  2(4  -  j*  A/D  +  *0  -  K,)D.  -  ♦  -  2,;a,,  j.  - 

ht  -  fcv«/ti||,  t*3  -  «!  +  t»j|,  Ia  ■  m,vj/|el  «  17  •  10*A 


(6) 


here  Jo  i*  *  total  beam  current,  «  is  an  electron  charge,  m,  is  its  mass,  D,  ia  the  ondulator  length.  On 
the  linear  stage,  for  small  gain,  when  the  matrix  T  for  conversion  of  b(0)  from,  the  plane  0*  -1 

to  the  plane  fl“l  (b(l)  ■  Tb(-l))  is  given  by  the  expression  T"I  +  mV,  where  /r  is  the  gain  factor  for 
plane  wave.  When  there  are  two  modes  with  close  frequencies  in  a  resonator,  the  equation  defining  the 
eigenfrequencies  of  the  cavity  with  an  electron  beam  takes  the  form: 


(rl‘>  -  r)(r^‘>  -  r)  - 


(7) 


where  and  ate  disturbed  eigenvalues  obtained 
under  the  assumption  of  isolated  modes.  Calculations 
have  shown  that  when  the  condition  of  "isolation**  is 
broken  the  proportionality  of  the  gain  dw2(|rm|-I) 
to  the  total  current  may  not  take  place.  Fig.  2  shows 
S  versus  n  curves  calculated  for  three  modes  (the 
curve  number  represent  the  number  of  mode).  The 
investigation  carried  out  showed  that  new  modes  of  the 
system  are  being  formed  as  a  result  of  interaction  of 
resonator  field  with  an  electron  beam.  In  the  case  of 
modes  with  close  frequencies  the  influence  of  the  beam 
results  in  their  coupling.  In  this  case  the  eigenfunctions 
hybridisation  occurs,  i.e.  a  considerable  distortion  of 
eigenmode  field.  The  dependence  of  the  frequency  shift 
on  the  total  current  can  be  nonlinear  in  this  case. 


1.  A.Doria,  O.P.Oallerano  and  A.Reniery,  "Kinematic  and  dynamic  properties  of  a  waveguide  PEL",  Opt. 
Cnmmun,,  Vol,  80,  pp.  417-424,  January  1991. 
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FIR  multiphoton  absorption  and  photon  drag  effects  In  degenerate  valence  band  semiconductors 

S.D.  Ganichev*,  E.L.  Ivchenko,  R.Ya,  Rasulov,  LD.  Yaroshetskll  and  B.Yn.  Averboukh 

A.F.  Ioffe  Physlcotechnlcal  Institute,  Russian  Acad.ofthe  Sciences,  St,  Petersburg,  194021,  Russia 

*Alexander  von  Humboldt  Fellow, 

Present  address:  Uni. Regensburg,  Institute  fUr  Angewandte  Physik  III,  93040  Regensburg 


ABSTRACT 

Intraband  linear-circular  multiphoton  dlchrolsm  of  far  Infiared  absorption  In  p-Oe  hau  b.  observed  for  the 
first  time.  Previously  this  nonlinear  optical  phenomenon  was  observed  only  under  the  valence-conduction 
interband  electronic  transitions  Induced  by  IR  or  visible-range  radiation.  Experimentally,  the  dependencies  of  the 
optical  transmission  and  the  photon  drag  effect  on  the  FIR  radiation  (X  »  90  pm)  Intensity  and  polarisation  have 
been  investigated  in  p-type  Qe  crystals.  A  polarisation  dependent  sign  inversion  of  the  photon  drag  effect  with 
Increasing  radiation  Intensity  has  been  also  observed. 


Experimental  Investigations  of  n-photon  absorption  in  crystals  are  usually  made  under  the  conditions  that 
optical  transitions  with  fewer  photons  are  forbidden,  Then,  many  photon  transitions  of  higher  order  can  be 
Ignored  in  the  visible  to  middle  infrared  range,  as  the  value  of  n-photon  absorption  coefficient  is  much 
higher  than  the  coefficient  of  (n+l)-photon  absorption,  This  holds  up  to  the  light  intensities 

corresponding  to  the  damage  threshold  of  the  investigated  materials.  For  the  same  reason,  the  main  contribution 
in  the  case  of  intraband  absorption  of  light  comes  from  one-photon  processes,  and  many-photon  transitions  with 
intermediate  virtual  states  make  a  negligible  contribution. 

The  appearance  of  lasers  capable  of  generating  Idgh  power  FIR  radiation  has  revealed  new  aspects  of  the 
interaction  of  the  electromagnetic  radiation  with  solids.  In  fact,  if  the  calculation  of  the  n-photon  absorption 
coefficient  Is  limited  to  the  lowest  order  of  pertiu'bBUon  theory  for  each  of  these  processes,  it  Is  found  that 
the  ratio  is  proportional  to  in  the  case  of  Intraband  absorption  of  light,  where  I  is  the 

intensity  of  light  in  a  crystal.  Thus  in  the  case  of  FIR  radiation  of  wavelength  X  «  100  p.  and  relatively  small 
Intensity  /,  of  the  order  of  1  MW/cm^,  the  parameter  tin  is  comparable  with  unity  for  the  first  few  values  of  n.  A 
new  type  of  nonlinear  absorption  of  light  due  to  a  set  of  simultaneous  n-photon  transitions  with  comparable 
contributions  to  the  total  absorption  coefficient  has  been  observed  recently  for  p-type  Oc  crystals  excited  by  high- 
power  pulse, s  from  an  optically  pumped  NH3  laser  (X  «  90.55  pm.tico  »  13.7  meV)^ 

In  the  present  work  the  influence  of  FIR  radiation  polarisation  state  on  the  Intmi  and  (heavy  to  light  holes 
subbands)  multiphoton  absorption  in  p-Ge  has  been  observed  and  investigated  by  photon  drag  effect  behaviour. 


Investigations  were  canled  out  on  n-  and  p-type  Ge  samples  with  densities  10^^- 10^*^  cm*^  at  T  =  300  K. 
Tile  radiation  source  used  was  FIR  NH3  laser  optically  pumped  by  a  TEA  CO2  laser  operated  at  the  wavelength 
X  =  90.5  iim  with  pulse  durations  -  40  ns.  The  longitudinal  photon  drag  e.m.f.  was  investigated.  The 
experimental  set  up  and  the  typical  oscllograms  are  shown  on  Flg.l  (a:  the  excitation  pulse  ,  b;  p-Ge 
photoresponse). 
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It  has  been  shown  that  the  photon-drag  current  J  In  p-Ge  at  T  «  300  K  changes  Its  polarity  with  increasing 
intensity  of  the  incident  light  /  (Fig,  lb,  2)  due  to  the  opposite  directions  of  the  one-  and  two-  photon 
contributions  to  the  photocurrent  and  the  superlinear  dependence  of  two  photon  current.  It  has  been  shown  that,  at 
T  =  300  K  the  characteristic  intensity  I*,  when  the  inversion  takes  place,  does  not  depend  on  the  cairiers  density, 
Tlic  investigation  of  polarisation  dependences  has  shown  that  the  Inversion  of  the  photocurrent  induced  by 
circularly  polarised  radiation  (F1g.2,  •  )  occurs  at  a  lower  Intensity  level  as  compared  to  the  linearly-polarised 
excitation  (Fig. 2,  x ).  In  n-type  Ge,  where  the  absorption  is  due  to  the  one  photon  £)rude  intraband  transitions,  the 
inversion  of  the  photon  drag  effect  is  absent  and  the  photocurrent  depends  linearly  on  the  light  Intensity. 
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A  theory  is  developed  describing  the  nonlinear  absorption  of  the  Intense  FIR  radiation  by  direct  multiphoton 
transitions  of  free  carriers  between  two  subbands  of  a  degenerate  valence  band.  The  role  of  the  polarisation  has 
been  analysed  and  it  has  been  established  that  the  polarisation  dependence  of  the  nonlinear  photon  drag  effect  is 
caused  by  the  two-photons  absorntlon  and  the  resonant  saturation  of  the  onc-photon  absorption.  The  dependence 
of  the  photon  drag  current  (jfl),  j(2)  are  one-  and  -two  photons  currents)  on  the  light  intensity  has 

been  calculated  for  two  polarisation.  The  result  is  plotted  in  Fig. 2  (curve;  I -circular,  2-  linear  polarisation).  It  is 
seen  that  experimental  results  arc  in  the  good  agreement  with  the  theory,  which  predicts  the  sU'onger  two-photon 
absorption  and  resonance  saturation  for  the  circular  polarisation.  The  role  of  the  light  polarisation  has  been 
analysed  also  for  the  developed  nonlinearity  regime,  when  the  nonlinearity  parameter  t),,  Is  about  unity  unci  the 
ubsoiptlon  Involves  a  set  of  simultaneous  n-photon  transitions  with  comparable  contributions  to  the  total 
absorption  coefficient. 
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The  oonduodon  bsnd  In  qusnhim  well  itruotures  splits  into  subbsnds  due  to  confinement.  This  splitting 
msy  make  simple  auumptlons  on  psrsbollc  subbsnd  dispersion  Inspproprlste  in  doped  samples.  We  have 
used  far  Infrsr^  messurementa  to  investigate  this  phenomenon. 

The  far  infrared  apaotra  of  a  series  of  doped  multiple  quantum  well  (MQW)  OaAs/AlQaAs  structures  have 
been  measured  by  dispersive  Fourier  transform  spootroscopy  (DFTS)  and  oblique  incidence  reflectivity.  In 
this  report  we  concentrate  on  DFTS  measurements  which  show  only  the  ln<plane  superlattloe  dieleotrio 
reeponae. 

The  pluma  frequencies  obtained  from  modelling  the  DFTS  meaaurements  (see  figures)  were  compared 
with  the  free  canier  concentrations,  as  determined  from  Van  der  Pauw  meaaurements,  in  order  to  obtain  a 
value  for  the  plasma  frequency  for  each  sample  as  it  relates  to  the  DFTS  geometry.  It  was  found  that  the 
experimentally  obtained  values  of  the  In^plane  effective  masses  were  considerably  higher  than  the  bulk 
value. 

In  order  to  explain  this  effective  mass  enhancement  it  is  necessary  to  consider  the  energy  dispersion  of  the 
subbands  In  a  manner  that  Inoludea  the  effect  of  non>parabollolty.  The  effect  of  non*parabolloity  it 
algnlfloantly  greater  than  In  the  bulk  for  two  reasons,  both  relating  to  the  fact  that  the  parabolic  band 
auumptlon  is  associated  with  small  wavevector  values; 

(i)  The  out-of'plane  component  k,  of  the  wavevector  essentially  depends  on  well  width  since 
k,  is  a  confinement  wavevector.  For  narrow  wells,  thereiore,  k,  becomes  large. 

(11)  k,^  and  ky  are  large  for  significant  doping  levels  because  the  lower  subbands  are  occupied  up 

to  a  far  higher  Fermi  level  than  they  would  be  In  a  bulk  sample. 

These  two  factors  Imply  that  electrons  In  a  quantum  well  structure  have  significantly  higher  effective 
masses  than  they  would  If  they  were  not  confln^. 

In  Older  to  model  the  plasma  effective  mass  it  Is  useful  to  consider  each  electron  as  having  an  effective 
mass  m^*.  For  the  overall  collection  of  N  particles  of  different  masser  the  plasma  frequency  Up  Is  given  by 


Thus  the  equivalent  pluma  mau  can  be  obtained  by  averaging  the  reciprocals  of  the  m/  values.  The 
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value*  of  mi*  are  (Imply  taken  from  the  band  dlapenlom,  which,  for  OaAi,  hu  been  modelled  by  MUolier 
el  a/  [1].  By  suitable  oonslderation  of  the  dlitiitetion  of  the  n,  eleotrons  In  each  lubband  i,  an  'effective 
plaima  mass'  m,*,  in  the  x  direction,  may  be  calculated: 


P|E(k^,ky))  dk^dky 


when  F(E(k,(JCy))  is  the  Fermi  function  representing  the  thermal  distribution  of  the  electprns.  In  Older  to 
calculate  the  overall  effective  mass  in  the  wells,  the  1/m,*  values  are  avenged.  The  effective  mau  of 
electrons  in  the  barriers  can  also  be  Included  in  the  calculation. 

Using  the  above  approach,  the  experimentally  measured  effeotlve  maaaea  oould  be  compared  with 
theoretical  values.  For  the  samples  investigate,  having  100  A  OaAs  wells  with  400  A  AJQjiQaQjAs 
barriers,  the  meuured  effective  maaaea  wen  04)83  for  the  sample  doped  to  l>4MlO‘^om‘^  (measured 
oanler  oonoentration  ■  l<O9Ml0‘^om'^)  and  04)92  for  the  sample  <10^(1  to  34>Nl0^^om‘^  (measured 
oanter  oonoentration  ■  2>96m10^^  om'^).  The  oorresponding  effective  masses  ealoulated  theoretically  were 
04)61  and  04)69  respectively. 

The  above  results  show  that  far  Infrared  speotroioopy  can  be  used  u  a  meuure  of  band  non*parabollolty  in 
quantum  well  structures,  and  that  the  obaerved  extent  of  this  effect  is  in  agreement  with  theory,  using 
published  parameters. 


mri  q'l  1 1 1 1 1 1 1 1 1 1 1 1 1 1  n  { 1 1 1  r 

100  KO  MO  400 

Wivonumbof  (om'’) 


TiiiiiiiM|iiiiiiiii|iiiii'n'nTiiiiiiiiif 

100  lOO  too  400  too 

Wivonumboro  (em'" 
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P.  Mlloher,  0.  Lommer  and  U.R0isler,  Shperfartfoes  and  Mcroetiuotum,  2. 61 .12  ( 1986). 
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Far  Infrared  ipeotioioopy  may  be  uied  in  obtaining  ohanoterliailon  information  on  luperlattioea  containing 
free  carriers;  auoh  Information  oomplementa  that  obtained  by  Raman  speotrosoopy.  This  study  mskea  iiae  of 
both  infrared  and  Raman  meuuremenia  on  Cd,^i.„Te  (CMD  auperiatdoe  samples. 

In  order  to  interpret  plasmon  data  from  superlattloea,  it  la  neoessary  to  consider  the  form  of  their  dleleotiio 
funotloni.  In  prsotioe.  it  Is  sufficient  in  both  infrared  and  Raman  sxpeiiments  to  consider  the  long  wavelength 
limit  resulting  In  a  unlaxUd  superlottloe  dielectric  tensor.  If  the  superlattice  layers  are  sufficiently  thick,  each 
layer  retains  a  dielectric  function  of  the  form  given  by  (1).  For  layer  thicknesses  dj  and  d^  and  dielectric 
tluMtions  s  I  and  82  respectively,  the  principal  components  of  the  superlattice  dieleotdo  tensor  are  given  by 
[1,2] 


a^-ayy-(c,di+a2d2)/(d,+d2) 

(1) 

e^-‘ « (a,“‘  d,  +  aj*  djl/Cd,  + 

(2) 

with  the  uniaxls  z  defined  notmal  to  the  layers.  Thus  s^has  poles  at  the  TO  frequencies  of  the  superlattice 
constituents  and  c„  hu  zeroes  at  the  plums  shifted  LO  frsquenolu. 

We  now  examine  how  (1)  and  (2)  may  be  used  in  Interpreting  spectral  features  obuined  using  far  infrared  and 
Raman  techniques,  u  appropriate  for  CMT  superlattloes; 

1.  Bscksoatterlng  Raman  spectra  yield  peaks  at  zerou  in  s„.  I.e.  at  the  pluma  shifted  LO  frequencies  of  the 
oonstihMnt  superlattice  layers.  For  CMT  superlattloes  the  penetration  depth  of  Ar*  laser  light  is  of  the 
order  of  300  nm,  so  that  only  the  top  few  layera  of  a  thick  superlattice  an  probed. 

2.  Dispersive  Fourier  transform  speotrosoopy  (DPTS)  and  s- polarisation  oblique  inoldenoe  far  infrared 
speotrosoopy  both  probe  the  polariton  modes  associated  with  a,.,,.  These  most  obviously  yield  the  TO 
mode  frequenolu  and  an  'avenge'  superlattice  plasma  frequency  sampled  over  the  full  width  of  the 
superlattloe  [3]. 

3.  P-polarisation  oblique  inoldenoe  far  infrared  spectrosoapy  probes  polariton  modes  usoolated  with  both 

and  a^,.  The  resulting  spectra  are  similar  to  those  in  s<polariutlon  but  have  extra  dips  at  zeroes  in 
plasma  shifted  LO  frequencies  of  both  superlattice  constituents)  ‘  we  describe  the  resulting  dips 
M  Brewster  modes.  The  extra  information  gained  is  similar  to  that  obtained  from  Raman  spectroscopy, 
but  in  this  oau  the  whole  superlattloe  is  sampled  rather  than  the  top  few  layers.  This  is  useful  in 
investigating  the  distribution  of  free  oanieti  [3|. 
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We  Illustrate  the  above  principles  using  room  temperature  and  77  K  oblique  Inoidenoe  reflectivity 
measurements  taken  from  a  Cdg ^Hgg jTe/Cdo  ^Hgo,35Te  superiattice,  grown  on  a  QaAs  aubatrate  by  plasma 
enhanced  MOCVD.  Phonon  frequencies  were  calculated  using  a  random  element  Isodisplaoement  (REI) 
model  [S]  in  the  form  described  by  Samson  eta/[6l 

The  Raman  spectrum  of  the  sample  agrees  well  with  the  modelled  LO  frequencies;  this  result  is  incompatible 
with  the  presence  of  any  free  carriers  within  the  sampled  thickness.  However,  only  the  first  few  layers  are 
probed  by  Raman,  and  free  carriers  may  still  exist  fltrther  away  from  the  sample  surface.  The  s-polarlsadon 
reflectivity  measurements  can  In  fact  only  be  modelled  by  auumlng  a  signifloant  plasma  oontiibution  due  to 
free  electrons,  although  because  only  la  probed  no  Information  on  the  electron  distribution  is  gained  from 
these  spectra.  The  p>polarisation  reflectivity  spectrum,  however,  should  show  dips  at  the  plasma  shifted  LO's 
of  both  supcrlatllce  components.  In  practice,  the  damping  effects  in  this  sample  are  rather  high,  and  the  only 
such  dips  that  ate  well  leaolved  are  those  due  to  the  barrien.  As  well  u  a  ^p  at  the  plasma>shifted  barrier 
CdTe-llke  LO  frequency  (feature  2  in  the  spectrom),  there  Is  also  a  clear  dip  at  the  unsiiifted  flequenoy 
(feature  I  In  the  spectrum).  This  has  been  modelled  by  assuming  that  the  top  0<3  pm  of  supetfaidce  U 
depleted  of  free  oarrlers  due  to  band  bendlrtg  at  the  surface;  this  assumption  would  support  the  Raman  results. 

These  results  show  that  a  combination  of  far  infrared  and  Raman  teohniquea  may  be  used  to  gain  oonilderable 
Inilght  into  the  eleotron  denalties  and  distributions  in  CMT  superlattloes. 


CdHgTe  Suparlattloa  S  •  Polarisation 


CdHgTa  Suparlattloa  P  •  Polarisation 
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The  earlier  studies  we  had  carried  on  y-  and  p-politype  crystals  of  layered  semiconductor 
InSe  had  shown  a  series  of  effects  that  are  the  properties  of  the  structures  of  superlattice  ( SL ) 
type.  It  had  been  found  that  in  the  temperature  range  below  20  -  30  K  the  electron  gas  in  InSe  is 
two-dimensional  and  degenerated.  At  the  same  temperatures  the  N-shaped  regions  of  Volt-Ampere 
characteristics  ( VAC )  of  InSe  had  been  observed  when  the  electric  current  impulses  were  along  the 
C-axis  of  crystal  ( perpendicular  to  the  crystal  layers  plane ). 

However,  VAC  of  InSe  crystals  measured  under  conditions  of  IlC  also  have  the  N-shaped 
segments  although  we  had  not  expected  any  structure  of  SL  type  in  this  direction.  This  effect  and 
some  of  the  kinetic,  galvanomagnetic  .and  optical  anomalies  which  had  been  observed  in  the  InSe 
crystals  had  allowed  us  to  put  forward  the  hypothesis  about  the  existence  of  the  charge  density 
waves  ( CDW )  in  InSe  at  the  temperatures  below  100  •  ISO  K.  In  the  '*  classic  ”  semiconductors 
the  origin  of  CDW  is  impossible  because  of  the  three-dimensional  current  carrier  gas  with  its  low 
concentration.  However  the  electron  gas  in  InSe  is  two-dimensional  and  degenerated  one.  Taking 
into  consideration  this  fact  and  the  hypothesis  about  the  presence  of  the  thin  electrons  accumulating 
layers  with  high  carrier  concentration  in  InSe  crystals  at  low  temperatures  ( it  had  been  proposed  by 
series  of  authors  earlier )  the  CDW  existence  in  this  case  imagines  to  be  quite  possible. 

One  of  the  main  consequences  of  CDW  existence  is  the  appearance  of  the  gap  in  the 
continuum  of  conduction  band  of  InSe  crystal  near  the  Fermi  level  at  the  temperature  below  100  - 
150  K.  As  the  result  the  longitudinal  specific  resistance  of  the  crystal  in  the  direction  of  layers 
plane  increases  sharply.  In  such  a  state  pure  InSe  crystal  having  the  longitudinal  specific  resistance 
about  100  Om*cm  at  room  temperature,  becomes  the  insulator  practically.  The  gap  width  has  been 
calculated  from  the  data  of  temperature  behaviour  of  longitudinal  specific  resistance  ( which  have 
been  measured  under  conditions  of  small  currents  through  the  InSe  crystals  )  to  be  in  range  10  - 
20  meV  at  the  temperatures  below  20  K.  With  the  temperature  increased,  the  gap  has  decreased  and 
di.sappeared  finally  at  temperature  80  -  120  K.  When  the  impurities  of  Pb,  Sn  or  In  have  been 
introduced  into  InSe  crystal  all  the  effects  connected  with  CDW  instability  have  weakened  down  to 


227 


1^14.4 


the  complete  disappearance  when  the  concentration  of  impurities  has  been  high  enough;  we  suppose 
that  it  has  been  connected  with  the  influence  of  non-periodical  potential  of  the  impurity  ions. 

The  electric  field  ( current  through  the  sample )  was  detected  to  affect  strongly  on  the  gap 
that  can  be  used  for  the  effective  control  of  the  gap  width  by  the  electric  field  lower  than  100  V/cm. 
We  have  observed  the  reducing  of  the  gap  width  (  from  the  data  of  the  temperature  behaviour  of 
longitudinal  specific  resistance )  from  12  meV  to  4  meV  with  the  current  through  the  sample 
increased  to  1  mA.  The  results  obtained  have  confirmed  by  the  data  of  the  optical  investigations. 

In  the  course  of  measuring  of  InSe  samples  with  low  concentration  of  Sn  and  In  impurities 
the  photoeffect  was  detected  at  temperature  4.3  K  and  in  the  energy  range  of  radiation  less  than 
10  meV.  The  InSe  samples  were  rayed  by  exiting  laser  with  two  fixed  significances  of  the 
wavelength.  The  photoeffect  value  was  found  to  depend  strongly  on  electric  current  through  the 
crystal.  When  the  value  of  the  electric  current  throw  the  sample  was  small  enough  the  photoeffect 
was  not  observed  at  the  wavelength  of  337  pm  but  it  appeared  at  some  threshold  current  U(j,i  that 
was  various  for  different  samples.  Then  the  photoeffect  value  increased  sharply  with  the  electric 
current  throw  the  sample  increased.  The  further  increase  of  current  led  to  the  saturation  of  the 
photoeffect  and  then  to  its  slow  decrease.  When  the  current  throw  the  sample  reached  some  the 
second  threshold  value  Uth2  the  photoeffect  disappeared  abruptly. 

We  guess  that  the  observed  photoeffect  is  the  consequence  of  the  direct  optical  transitions 
of  the  electrons  through  the  CDW-induced  gap  in  the  conductive  band  of  the  InSe  crystal. 
According  to  data  of  our  measurements  the  initial  gap  width  ( without  the  current  throw  the  crystal ) 
for  the  tested  samples  is  about  10  *  15  meV,  i.e.,  much  more  than  the  exiting  laser  quant  energy. 
Thus  under  the  condition  of  small  current  throw  the  crystal  the  existence  of  photoeffect  is 
impossible.  With  the  current  increases  to  the  Uthi  value  the  gap  width  decreases  to  be  the 
comparable  with  the  quant  energy  and  the  photoeffect  is  observed.  The  second  threshold  current 
existence  is  likely  to  be  connected  with  the  destruction  of  CDW  by  strong  electric  current.  The 
present  effects  can  be  used  for  the  creating  the  long-wave  optoelectronic  devices  controlled  by 
electric  current. 

At  the  wavelength  of  195pm  the  same  effects  were  detected  but  Uthi  was  essentially  less; 
some  of  samples  under  such  conditions  had  the  photoeffect  without  the  current  ( 11(^1  «0  ).  To  our 
regret,  we  had  not  the  possibility  to  observe  the  photoeffect  on  pure  InSe  samples  because  of  much 
great  value  of  CDW  gap. 
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DBFECT  AHO  CLUSTERING  MODES  OF  HgCdHnTs  CRYSTALS. 

Hazur  Yu.I.i  Krlven  S.I.,  Lavorlk  S.R.,  Tarasov  O.G. 

Institute  of  semiconduotors.  Academy  of  Scinces  of  Ukraine 
Kiev  252028,  pr .  Rauki  45,  Ukraine 

ABSTRACT 


Modes  content  for  quaternary  semloonduoting  narrow-gap  alloyes  is 
examined  for  the  case  of  HgCdMnTe  single  crystal.  FIR-ref lection  spec¬ 
tra  are  presented  for  low  manganese  oonoentration  (Mn  is  of  0.015,  Cd 
is  of  0.33)  and  identification  of  different  impurity-induced  vibratio¬ 
nal  states  is  performed  for  different  contents  of  cadmium  and  mangane¬ 
se  . 


1.  INTRODUCTION 


FIR  spectra  allow  to  trace  the  peculiarities  of  lattice  dynamics, 
perturbed  by  defects  of  different  physioal  nature  and  by  change  of 
short-  or  long-range  interaction,  under  content  variation.  This  prob¬ 
lem  grows  strongly  in  the  case  of  quaternary  compounds,  based  on  ter¬ 
nary  narrow-gap  semioonduotors,  because  the  order  of  Impurity  embeding 
into  different  sublattloes  oan  be  changed  teohnologloally  in  random 
way.  Therefore,  different  manifestations  of  defect  modes  is  possible 
at  the  same  conditions  of  crystal  growth.  Due  to  their  frequenoies  oan 
fall  into  the  ranges  of  low  phonon  density  and  close  to  the  frequenoi¬ 
es  whloh  are  the  eigen-values  of  dynamic  matrix  for  perfect  crystal  a 
substantial  modifioation  of  spectral  distribution  should  be  found  both 
for  lattice  modes  and  for  defect  ones.  Here  we  present  the  data  on  FIR 
reflection  of  HgCdMnTe  and  arguments  to  explain  the  spectral  features 
starting  from  position  that  defect  and  clustering  modes  are  available. 
Some  evidence  is  obtained  to  support  the  version  on  Improvement  of 
structural  ordering  of  ternary  compound  matrix,  induced  by  low  mangan¬ 
ese  oonoentration. 


2.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Hgy.y.y  Cd„Mnj,Te  crystals  of  different  compositions  were  synthesized 
by  modified  Bridgman  technique  at  temperature  gradient  of  35  K/cm.  All 
crystals  were  of  n-type  and  free  carrier  concentrations  were  varied 
from  n=5*  10”  cm"'*  to  n=5*  10^*  cm*'  at  room  temperature.  Reflection 
measurements  in  spectral  range  30-600  om*^  were  carried  out  with  IFS- 
113v  at  temperatures  5K<T<300  K.  The  experimental  error  was  of  1-2 
om'^  over  all  spectral  range  under  oonsideration .  Flg.l  presents 
Hgo.ej-5Cdo. HnAOfa'Te  reflection  spectra  measured  at  various  temperatures. 

To  interpret  the  experimental  data  Kramers-Rronlg  transformation  of 
reflection  spectra  was  performed.  Investigation  in  detail  of  fine 
structure  of  complex  sucoeptibllity  for  Cd^MnyTe  allows  to  dis¬ 
tinguish  three  spectral  ranges  of  particular  Interest.  Below  long-wa¬ 
ve  limit  of  restrahlen  rays  range  ( 120  orn’M  a  number  of  modes  were 
identified  ascribing  to  defect  and  impurity-induced  acoustic  lattice 
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modes  of  HgCdTe  compound.  Longitudinal  and  transverse  optical  modes  of 
HgTe  and  CdTe  sublattioes  are  localized  in  spectral  range  120  < 

y  <160  om'^  .  Here  the  clustering  mode  is  singled  at  \}  =132-135  cm"^  . 
Above  the  short-wave  limit  of  LO-TO  splittings  range  for  HgCdTe  we  ha¬ 
ve  detected  the  manganese  localized  mode  for  low  Mn  content  and  a  num¬ 
ber  of  modes  which  were  labeled  as  surface  defect  modes.  Possessing 
the  data  for  the  set  of  Hg/.^.y  Cdj^MnyTe  samples  of  fixed  oadmium  con¬ 
tent  (x=0.1)  and  varing  manganese  one  (from  y=0  to  y=0.15)  we  have 
calculated  the  LO-TO  spectrum  transformation  to  detect  a  mode  behavio¬ 
ur  at  y  variation.  A  modified  model  of  isodisplaoements,  developed 
specially  for  quaternary  narrow-gap  crystals,  gives  a  good  fitting  for 
the  frequencies  measured  and  proves  a  three-mode  behaviour  of  phonon 
spectrum  transformation  (Fig. 2). 

The  non-interacting  oscillators  fitting  of  reflection  spectra  shows 
a  different  modes  whloh  are  actual  in  the  case  under  consideration. 
Table  gives  their  frequenoies  (.  i)  ),  band-widths  (J  )  and  oscillator 
strengths  (  S  )  Hg^  Mno.(./«- Te  crystal  at  100  K. 

Table. 


(om'^  ) 

!  104  1 

112  1 

123 

!  136.51 

149.51 

154  1 

172  1 

178  1 

190 

S 

1  0.151 

0.121 

3.9 

1  0.131 

0.361 

0.251 

0.051 

0.091 

0.1 

^  (om“0 

1  6  i 

10  ! 

7.1 

1  5.9  1 

6.8  1 

6.8  1 

5.2  1 

5  1 

7.2 

Modes  at  >,^=95  cmT^  and =190  om**^  are  detected  at  higher  Mn-oonoen- 
trations.  At  low  temperature  they  were  oaloulated  by  Green's  technique 
and  were  found  coinciding  with  experimental  ones  within  2  cm**'^  error. 
It  should  be  noted  a  relative  narrowing  of  clustering  mode  at  tempera¬ 
ture  increase.  Spectral  distribution  in  spectral  range  80  om'^  <  k  <110 
om'^  oan  be  satisfactory  described  only  with  hybridization  of  wave  fu¬ 
nctions  for  gap  and  compound  lattice  phonon  states  taking  into  acco¬ 
unt.  Comparison  of  our  results  with  the  data  for  HgCdTe  show  an  obvio¬ 
us  improvement  of  optical  quality  of  HgCdTe  structure  at  presence  of 


Fig.l.  Reflection  spectra  of  periment;  solid  ourves-the  de- 

pendencies,  calculated  for  the 

diHerent' temperatures .  model  of  isodisplaoements. 
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EXCITONIC  LUMINESCENCE  OF  Hg,  Cd  Mn  T«  CRYSTALS. 

1— x—y  X  y 

J.M.  Tomm  (a),  Vu.I.  Mazur  (b)^  S.l.  Krivan  (b),  S.R.  Lavorik  (b), 
G.Q.Taraaov  (b) 

(a)  Saction  of  Phyaica,  Humboldt  Univaraity,  Barlin,  Qarmany 

(b)  Inatltuta  of  Samiconductora,  Ukr.  Acad.  Sci.|  Kiav,  Ukraina 

ABSTRACT 


Photoluminaacanca  in  axcitonic  ranga  of  apactrum  ia  datactad  for 
HgCdMnTa  cryatala  (Cd»0.33,  Mn«0.Q15)  for  tha  firat  tima.  Luminaacanca 
faaturaa  ara  wall  pronouncad  and  atrongly  affactad  by  intanaity  of 
pumping  at  low  tamparatura. 

INTRODUCTION 


Lumlnaacant  propartiaa  of  narrow-gap  aamiconductora  baaad  on  A^Ba 
compounds  ara  atrongly  Influancad  by  thair  chamical  contant*  diffarant 
dafacta  and  structural  parfactnaaa.  Undar  incraaaa  of  Cd  or  Mn  contant 
tha  anargy  gap  of  HgTa  bacomas  opan  and,  starting  from  x»0.5  for 
Hg^.x  CdxTa  alloys  or  y"0.2  for  Hgy.yMnyTa,  tha  problams  with  photo- 
luminascanca  dataction  do  not  ancountar.  Howavar  at  x  and  y  dacraasa 
tha  nonradiativa  racombination  pravails  and  tha  luminascant  gain  baco- 
mas  too  noisy  and  of  small  magnituda.  In  this  casa  tha  rola  of  struc¬ 
tural  parfactnass  grows  substantially  and  should  ba  ovarcoma  by  tach- 
nological  improvamants.  Ona  of  maans  is  doping  of  Hg^.^  Cd^Ta  of  low  x 
valua  by  manganasa  ions.  Our  data  on  FIR  raflactiont  transmission,  as 
wall  as,  Raman  maasuramants  hava  showad  af facts  eausad  by  manganasa 
ions  in  vibrational  spactra.  Manganasa  prasanca  pravants,  as  to  our 
mind,  tha  producing  of  clustars  with  axcasslva  Ta  and  assists  tha  gro¬ 
wth  of  structura  parfactnass.  Highar  crystal  quality  smoothans  tha  ri¬ 
gid  rastrictions  for  photoluminascanca  obsarvation.  Prasant  data  on  IR 
luminascanca  in  quatarnary  Hgy.j,.y  Cd^MnyTa  crystal  confirms  this  con¬ 
clusion. 


EXPERIMENTAL  RESULTS 


Singla  crystals  of  Hg/.y.y  Cd^MnyTa  wara  synthasizad  by  modifiad 
Bridgman  procadura.  Thay  wyra  of  n-typa  wlt^  tha^fraa  carriar  concant- 
tration  varing  from  n-l'iO'*^  cm"'*  to  n"5»10^  cm’’*  at  room  tamparatu¬ 
ra.  Photoluminascanca  in  Hgc.€d'i'  Cdo.aj  Mn(,,p,»  Ta  was  axcitad  by  Ndi  lAG 
lasar  at  T*10  K.  Fig.l  prasants  tha  photoluminascanca  spactra  maasurad 
for  CW-pumping. 

Tha  faaturv  at  Xu? ■329.9  maV  is  of  small  width  (lass  6  maU)  and  ac- 
compalnad  by  broad  long-anargy  paak.  At  pulsa  axcitation  this  spactral 
distribution  is  raproducad  at  low  laval  of  pumping  with  subsaquant 
asymmatric  broading  of  luminascanca  paak  at  pumping  incraasa.  Ratio  R 
of  paak  magnitudas  at  XcJ  ■312  maV  (  I/^  }  and  at  Xu;a329.9  maV  (  I^ ) 
(  R>I^/I/i  )  grows  monotonously  from  1.2  at  pumping  P^uc  •"  2mW/cm^  (  CN- 
roglma)  to  valuas  of  a  faw  tanths  at  pulsa  pumping  P«ye  ■100  kM/cm^. 
Paak  A  position  doss  not  practically  shifts  at  pumping,  but  paak  B  po- 
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sition  follows  the  intensity  icreese.  Magnitude  of  peak  B  grows  su- 
perlinearly  with  angular  coefficient  close  to  2  for  the  case  of  CW-ex- 
citation  at  pumping  increase  up  to  3  M.  Then  this  coefficient  decrea¬ 
ses  to  value  of  <i  at  further  pumping  growth.  The  half-width  of  peak  B 
(FWHM)  has  a  non-monotonous  character  at  increase  of  pumping.  Its  be¬ 
haviour  is  presented  by  Fig. 2.  As  can  be  seen  from  Fig. 2  at  low  level 
of  pulse  excitation  FWHM  increases,  however  at  Fijit  >1  kW/cm^  the  FWHM 
value  substantially  decreases  and  reaches  the  values  less  than  initial 
ones . 

DISCUSSIONS 

Analysing  the  tendency  of  IR-photoluminescence  manifestion  in  ter¬ 
nary  HgCdTe  crystal  we  find  that  quaternary  compounds  give  new  possi- 
libities  for  its  observation  in  those  ranges  of  cadmium  content  where 
photoluminescence  of  HgCdTe  is  difficult  for  explanation.  In  these 
ranges  (0.3<x<0.45)  the  change  of  luminescence  mechanisms  takes  place 
and  the  contributions  of  sone-to-ione  transitions  and  excitonic  tran¬ 
sitions  can  not  be  differed  surely.  Besides  a  substantial  narrowing 
of  luminescence  peaks  in  HgCdMnTe  we  obtain  a  good  possibility  to  in¬ 
vestigate  their  manifestation  at  various  experimental  conditions.  As 
to  physical  nature  of  A,  B  peaks  we  conclude  that  peak  B  could  be  re- 
fered  to  bound  exciton  in  HgCdMnTe.  Peak  A  can  be  ascribed  to  phonon 
replica  due  to  its  energy  position  in  respect  of  peak  B.  However  the 
pumping  behaviour  of  peak  magnitude  gives  some  grounds  to  guess  that 
it  is  the  manifestation  of  acceptor  states.  Modification  of  line-shape 
for  B  peak  at  sufficiently  high  intensities  of  excitation  (  >100 
kW/cm*  )  shows  that  lone-to-zone  transitions  can  be  developed  simulta¬ 
neously  with  excitonic  ones.  Narrowing  of  luminescence  peak  B  gives 
some  evidence  for  stimulated  processes. 


Fig.i.  Luminescence  spectrum  of  Fig. 2.  Intensity  dependent 

at  T-10  K  and  FWHM  of  peak  B  at  T-IQ  K 

CW-excitation  of  0.8  W/cm* .  (•-  CW- ,  O -  PW-exc i tation ) . 
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Mid-Infrared  absorption  spectra  of  Iron  group  Impurities  In 

II  -  VI  semiconductors 
MIreya  Castillo 

Universidad  Naclona)  del  TSchIra 
Aptdo.l»36.  San  Cr Is tdbal -Venezuela 

ABSTRACT 

The  mId-Infrared  absorption  spectra  of  substitutional  B'd  transition  metal  Ions,  (V, 
Cr,  Mn,  Fe)  In  ll-Vt  semiconductors  Zn(Se,  Te}  and  Cd  Se  (Te)  have  been  studied  by 
Fourler-Transform  Infrared  FT-lR  spectroscopy,  A  defect  molecule  approach  Is  found  to 
provide  an  adequate  description  of  the  observed  features. 

2.  INTRODUCTION 

A  new  theoretical  description  of  transition  metals  (TM)  multiplet  In  ll-VI  semtcondu£ 
tors  have  been  used.  It  Is  based  on  a  defect-molecule  approach  with  renormal  I  zed  pa~ 
rameter  which  has  been  sucessfully  proven  for  the  vacancy  In  silicon^  In  this  work 
the  structure  of  the  absorption  spectra  of  Iron  group  Impurities  will  be  analyzed 
within  the  framework  of  this  Improved  method.  In  order  to  confirm  the  validity  of  the 
defect  molecule  In  the  prediction  of  both  the  defect-lonization  energy  and  the  Inter¬ 
nal  transition  a  systematic  study  of  the  energy  levels  In  semiconductor  as  the  metal 
vary  and  the  trends  for  a  given  transition  metal  as  the  host  vary  has  been  achieved 
by  means  of  FT-IR  (Fourier  Transform- Infrared)  spectroscopy  In  which  all  the  expected 
transitions  has  been  Identified,  The  good  agreement  with  the  experimental  data  gives 
the  opportunity  of  test  the  apllcablllty  of  this  model  to  the  strongly  covalent  sys¬ 
tems  such  as  TM  Impurities  In  ll-VI  semiconductors. 

3.  EXPERIMENTAL  DETAILS 

All  crystals  for  FT-IR  spectral  analysis  were  grown  by  the  chemical  vapour  transport 
(CVT)  method  and  kindly  provided  by  Dr.  W.  Girlat  of  Instituto  Venezolano  de  Investl- 
gaclones  Clentfficas  I VIC-Venezuela,  The  experimental  techniques  of  crystal  growth 
have  been  described  elsewhere^.  The  IR  spectra  were  recorded  with  a  Perkin-Elmer  FT- 
IR  PE  1725X  Fourier  Transform  spectrometer  equipped  with  a  DTGS  Internal  detector  In 
the  transmission  mode  at  room  temperature  with  a  resolution  of  h  cm'*  using  a  micro¬ 
cell  fitted  with  KBr  lenses.  Several  hundreds  events  were  averaged  to  minimize  the 
noise  level.  Measurements  were  performed  after  cleaning  the  sample  surface  with 
CCI 2H2 . 

4.  RESULTS  AND  INTERPRETATION  OF  THE  SPECTRA 

Iron  In  CdSe  and  CdTe.  An  analysis  of  the  position  end  shape  of  the  main  features  of 
the  spectra  of  Fe  In  CdSe  (Flg.1)  and  CdTe  on  the  basis  of  the  defect  molecule  app¬ 
roach  reveals  that  the  band  labeled  E  centered  at  2944  cm’^  equivalent  to  O.37  e.V.ls 
In  good  agreement  with  the  corresponding  calculated  value  for  the  transition  ®E — “Ta 
as  predicted  by  the  moael  and  the  sub-bands  should  be  connected  with  vibrational 
structure,  the  origin  of  the  peak  at  1045  cm'**(0.13  eV)  In  Cdle.Fe  and  Its  absence  In 
CdSeFe  clearly  suggest  what  this  band  Is  related  to  the  CdTe  lattice  then,  the  obser^ 
ed  frecuency  was  compared  with  the  predicted  Ionization  energy  for  a  single  acceptor'" 
for  the  Impurity  (Fe)  yielding  a  closer  agreement.  The  fine  structure  of  band  D  su¬ 
ggests  the  coupling  of  one  or  more  of  phonon  modes  of  CdSe  and  local  mode  due  to  Fe 
Impurity.  ^ 

Manganese  in  ZnS(Te)  and  Cd(SeTe).  The  neutral  Mn**^  has  the  Aj  ground  state  separa¬ 
ted  from  the  f I rst  excl ted  state  by  an  energy^  of  about  2.5  oV,  Consequently,  In  the 
mId-Infrared  region  only  the  absorption  Inside  shallow  Impurity  levels  and  the  phonon 
coupling  are  expected.  The  starting  DMS  system  for  these  experiments  was  ZnSMn  0.50. 
The  spectrum  reveals  two  outstanding  features  a  weak  broad  band  rising  at  about  I7OO 
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cm"*  this  band  comprises  a  doublet  at  2,812  and  2937cm"»  . -  - - ' 

and  the  ne^t  structure  towards  lower  energy  presents  a  set 
of  peaks  1531  J*»53J390, 1281., 1125, 1062  and  8§0  cm-i  and  an  J  \ 

additionally  phonon  features.  For  ZnTeMn,CdMnTe  and  CdMnS  "'Icanr*  /  \ 

the  spectra  are  similar  therefore,  here  only  the  behaviour  *•■1  \ 

of  the  donor  will  be  detcrlbed.  While  for  CdSe,CdTe  and  w.  |  /  \ 

ZnTe  the  predicted  energy  level  of  donor*  are  In  reasons-  | 

ble  agreement  with  the  experimental  data  the  model  falls  ^  (o-  I  \  ® 

to  predict  the  energy  Ionization  of  Mn  In  ZnS.  The  results  ^  i  \ 

confirm  the  prediction  that  within  a  class  of  compounds  '\s  \ 

the  binding  energy  of  each  Impurity  Is  nearly  constant.  *  1  /  V 

The  main  results  Is,  that  the  defect  molecule  approach  Is  ^'1  / 

unable  to  given  an  unified  picture  of  Mn**  Ions  Into  the  *• 

DMS.  However  as  a  consecuence  of  the  complicated  patterns  - jj;; — | — | 

of  the  spectra  It  Is  obvious  that  none  of  the  existing  theo 

ries  Is  able  to  explain  all  the  results.  . 

Chromium  In  ZnSe.  For  ZnSeCr  the  spectra  exhibit  three 

principal  group  of  bands  at  room  temperature,  a  broad  band  centered  at  3113  cm"*(0.38 
eV)  a  relatively  narrow  band,  at  1637  cm"* (0.20  eV)  and  a  pattern  of  sharp  bands  that 
appears  to  be  repeated  periodically  at  Intervals  of  approximately  5B  cm"*  and  becomes 
less  distinct  toward  the  low  energy  side.  A  comparison  of  the  spectra  with  the  usual 
energy  scheme  of  a  Cr  Impurity  gives  no  satisfactory  agreement  with  previous  works  on 
ZnSescr.  However,  recently’  a  comparable  emission  band  near  ^^00  cm"‘  for  the  case  of 

CdSiCr  and  near  4200.  cm"*  with  CdSe.tCr  have  been  Identified  as  the  iDtSrnaLlE""  ®T2 
transition  or  Cr** (d**)  Ions.  Then,  the  absorption  band  In  the  region  3000-3500  center¬ 
ed  at  3113  can  be  related  with  the  transition  ’E— *T2  transition  of  the  Cr  centre, The 
structure  of  this  band  shows  lines  with  sequence  similar  to  those  observed  In  the  low 
er  energy  side.  The  lines  are  repetition  of  an  Interval  of  208  cm"*  therefore,  such 
effect  must  be  connected  with  the  coupling  of  phonon  to  a  parent  electronic  transi¬ 
tion, 

Vanadium  In  ZnSe.  The  spectre  for  ZnSesV**  obtained  comprises  a  broad  band  with  a 
width  of  Av506  cm"*  with  a  maximum  at  about  3^01  cm"* (0,42  eV)  a  narrow  weak  absorp¬ 
tion  at  289k  cm"*  (0,36  eV)  and  a  pattern  of  lines  between  947  cm"*  and  1757  cm"*  with 
a  peak  at  1076  cm"*  (0.I3  eV)  the  next  structure  In  the  spectrum  between  400-800  cm"* 
has  four  main  components  at  494,603,643  and  683  cm"*.  An  analysis  of  the  energy  level 
position  of  the  main  features  of  the  spectrum  on  the  basis  of  the  defect  molecule  ap£ 
roach  reveals  that  the  band  centered  at  3401  cm"*  Is  In  excellent  agreement,  with  the 
corresponding  predicted  value  for  the  transition  '*Ti-'*A2  and  the  peak  centered  at 
1076  cm"*  (0,13  eV)  Is  related  with  the  transition  ^Ti-'^Tz.  The  additional  weak  absorp 
tion  at  2894  cm"*  equivalent  to  O.36  eV,  was  compared  with  the  energy  given  In  the  IT 
terature*  for  the  double  donor  level  for  the  Impurity  (V)  In  ZnSe  of  0,43  (3500  “ 

cm"*}  yielding  In  dosser  agreement.  All  the  remaining  structure  can  be  attributed  to 

the  absorption  Involving  the  ooupl Ing  of  one  o  more  of  mode  phonons  of  ZnSe  as  well 
as  Impurity  local  modes.  No  doubt,  the  trasmisslon  spectra  ZnSe  can  be  accurately  In¬ 
terpreted  by  the  defect  molecule  approach, 
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Third  order  nonlinearities  in  semiconductors  at  FIR  wavelengths. 

P.  O.  Hugganl.  K.  Ooller  and  W.  Prettl. 

Institut  fOr  Angewandte  Physik,  UniveraitSt  Regensburg,  93040  Regensburg,  Oermany, 

W.  Bier, 

Institut  fUr  Mikrostrukturtechnik,  Kemforschungszentnun  Karlsruhe,  7300  Karlsruhe  1,  Germany. 

1.  Abstract. 

The  power  dependence  of  third  harmonic  generation  ftom  p-Sl  at  an  incident  frequency  of  40  cm'*  has  been  investigated, 
using  an  alternative  design  of  waveguide  high  paw  Alter.  SignlAcant  deviations  from  the  expected  cube  dependence  of 
harmonic  energy  on  Incident  energy  were  observed,  at  300  K  and  4.2  K. 

2.  Introduction. 

To  date,  far  infrared  (FIR)  harmonic  frequency  generation  by  nonlinear  optical  processes  has,  with  one  notable  exception 
[1, 2]  received  little  attention.  Ap.art  from  the  requirement  of  high  power  pulsed  lasers,  the  eAbetive  separation  of  harmonic 
from  Amdamental  radiation  by  high  contrast  Alters  v  ..  ^  severe  prerequisite.  However  this  was  achieved  by  the  development 
of  high-pass  waveguide  Alters,  consisting  of  ait  arra,  f  trcular  holes  in  a  metal  sheet  [3].  These  have  enabled  the  detection 
of  second  and  third  harmonic  radiation,  generated  from  tundamenuil  radiation  with  frequencies  between  20  enr*  and  60  cm**, 
in  such  materials  as  LiTaO),  GaAs,  Si  and  Qe.  [1].  Relatively  high  conversion  energy  efficiencies,  up  to  10'^  for  frequency 
tripling,  were  measured  here  with  corresponding  second  and  third  order  susceptibility  magnitudes  as  high  as  10**  mV*  and 
10*1*  m*V*  respectively. 

We  have  Airther  investigated  a  small  part  of  this  work,  namely  third  harmonic  generation  arising  firom  flee  carriers  in  a  Si 
sample.  Our  approach  was  for  the  most  part  identical  to  that  described  in  the  above  refbrences,  except  that  we  developed  a 
different  type  of  high  contrast  Alter,  based  on  rectangular  waveguides.  In  addition  we  studied  the  efibet  of  cooling  the  sample, 
and  found  signifleant  harmonic  generation  even  at  the  lowest  temperatures  achievable  (4.2  K). 

3.  Experimental. 

Our  radiation  source  was  n  TEA  CO2  loser  pumped  super-radiant  FIR  laser  of  conventional  oversize  metal  waveguide  design. 
Operating  on  the  9R  branch  pumped  Raman  lines  of  CH3F,  millijoule  FIR  energies,  with  SO  ns  pulse  durations,  were 
obtained  from  pump  pulses  of  seve^  Joules.  The  FIR  radiaticn  was  focused  by  an  off  axis  parabolic  mirror  onto  the  sample. 
This  was  a  p-Si  wafer,  with  malt  surfhees,  attached  to  the  cold  Anger  of  an  cryostat  with  TPX  windows.  The  carrier  density  at 
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Fig.  I .  Sclicmotio  drawing  of  a  rectangular  waveguide  Alter  with  meuured  tranimiesion  spectnun.  Note  the  sharp  decrease  in  transmission 
below  53  cm'*,  arising  from  the  onset  of  waveguide  cut-off. 
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Fig.  2:  Meuurod  ralationship  batween  Amdunsntal  and  third  harmonic  energiei  A>r  a  p>Si  wafer  at  a  frequency  of  40  cm'^  at  temperaturei 
of  300  K  and  4.2  K.  Bach  point  repreaenta  an  individual  laaer  putae.  Harmonic  energiea  meaaured  with  the  aanple  at  4.2  K  have  been 
divided  by  10. 

300  K  was  2x10-^^  c^l'^  with  a  correipqnding  conductivity  of  6x10*^  n‘‘cm'‘.  Any  harmonic  radiation  was  detected  by  a 
liquid  helium  cooled  photoconducUve  epitaxial  OaAs  detector.  The  leparation  of  the  harmonic  radiation  was  achieved  by  a 
filter  of  the  type  shown  in  Fig.  1.  This  was  manuiketured  by  diamond  machining  grooves  into  thin  copper  sheets  and  then 
welding  a  stack  of  such  sheets  together,  Two  such  filters  were  used  before  the  OaAs  detector,  one  Just  before  the  detector 
condensing  cone  and  the  second  on  the  liquid  nitrogen  cold  shield  of  the  cryostat.  The  measured  transmission  spectrum  of  a 
270  tun  thick  Alter  is  shown  in  Fig  i.  This  had  hole  dimensions  of  92  tun  x  69  (un,  a  wall  thickness  of  30  jim  with  a  total 
area  of  about  1  cm*.  The  cut-off  ftequency  for  this  Alter  was  measured  os  53  cm**,  in  good  agreement  with  that  of  the  lowesl 
order  (0,1)  mode  of  a  rectangular  guide  of  these  dimensions,  54  cm*‘.  The  transmission  drops  again  for  frequencies  greater 
than  100  cm**  due  to  the  onset  of  diffraction, 

4.  Results  and  DiKusslon. 

With  an  input  frequency  of  40  cm-1,  third  harmonic  radiation  was  generated  with  efficiencies  of  up  to  IxlO-^  at  4.2  K,  and 
twice  this  value  at  room  temperature:  Fig.  2.  Using  a  Drude  model  to  calculate  the  linear  optical  constants  of  the  sample,  we 
obtained  a  value  of  -  10**’  m*V-*  at  300  K  for  an  input  energy  of  2  mJ.  This  value  is  in  good  agreement  with  the 
previously  measured  susceptibility  of  p-Si  at  room  temperature  [1].  The  third  harmonic  energy,  £30,  was  found  to  depend  on 
the  input  energy,  as  £3^  -  (£^",  where  n  was  different  from  the  expected  value  of  3.  At  300  K  the  data  were  best  Atted 
to  a  value  of  n  -  2.5,  which  Increased  to  n  •  3.6  at  4.2  K.  These  values  Indicate  that  a  saturation  of  the  nonlinear 
susceptibility  Is  occurring  at  room  temperature,  while  the  opposite  process  occurs  at  4.2  K. 
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Anaiyasis  of  PbT*»  Pb^  ^Sn^T*  Thin  Layars  and 
Mulil«*Layar  PbTa'^Pb^  Quantum-Wall  Siructuraa 
Obiainad  by  Lasar-Pulsa  Epitaxy  Mai hod 


A.O. Alexanlan,  and  A.H.Khachatyian 
In&titute  of  RadioPhyslos  &  Electronics, Armenian  AoScl, 
Ashtarack-2,  378410,  Armenia,  C.I.S. 

Using  the  laser  epitaxy  method  [13  PbTe,  Pbi^^j^Sn^^Te  thin  layers 
were  obtained  from  elements  Pb,Sn,  and  Te,  as  wall  as  periodic 
struotures  consisting  of  a  single-orystal  PbTe  and  amorphous 
Pb**,  grown  on  Polycor,  mloa,  and  BaF^.  Film  structure  dependence 
and  technological  parameters  such  as  temperature,  substrates, 
laser  power,  target  to  substrates  dlstanoe,  energy  state  of 
erosion  plasma  wore  determined.  Results  of  spectral  and  electro- 
physical  analysis  of  grown  layers  are  presented.  Absorption  edge 
(AE)  for  PbTe  layer,  Ijum,  thick,  at  lOOR  was  equal  to  5/um,  and 
for  PJ^j-^Sn^^Te  it  was  7/jm,  which  corresponds  to  AE  of  bulk^  samp¬ 
les.  For  the  periodic  structure  PbTe-Pb^  (20  periods,  120A  each: 
TO-fSOA)  the  AE  is  shifted  towards  shorter  wavelengths  (1,5/Lim), 
which  corresponds  to  shift  due  to  sise  quantisation  in  the  PbTe 
layer  with  A  =0,6eV  (Fig.l),  Eleotrophysioal  analysis  has  shown 


Fig.l 

1,  PbTe-Pb* 

2.  PbTe 


that  the  type  of  grown  layers, as  well  as  the  free  oarriers  con 
oentration  may  bo  varied  by  changing  the  proportion  of  substan¬ 
ces  evaporated  during  one  laser  pulse.  Various  composition  n- 

with  carrier 

temperature 


and  p-type  Pb  and  Pb  ^^Sn^Te  layers 
in  the  range  (1.6*10*  to  10*®)om"*  at  a 


concentration 
100*K 


were 


237 


Tu4.9 


obtained.  We  have  developed  the  technology  of  multi-layer  struc¬ 
tures.  Temperature  dependence  of  PbTe,  Pb^  layers 
resistivity  and  that  of  PbTe-Pb*  have  purely  exponential  charac¬ 
ter  In  the  temperature  range  100*  to  300*K  (Fig. 2).  Resistivity 


I 

I 


Pig  .2 

1,  PbTe-Pb* 

2.  FbTt 


varied  by  10**,  lo”,  and  lo”  tines  while  the  respective  AE  was 
0.23.  0.15.  and  0.83eV.  The  analysed  layers,  where  the  free 
carrier  concentration  is  equal  to  Intrinsio  carrier  concentra¬ 
tion.  reveal  a  high  sensitivity.  In  those  structures  the  long¬ 
term  relaxation  which  exists  in  samples  obtained  by  other  met¬ 
hods  is  absent. 


A.G.  Alexanian,  R.K.  Kazarian.  and  L.A.  Matevossian. 
Manufacturing  of  Super-Thin  Semioonduotor  Films  and  Varlzone 
Structures  by  Laser  Deposition.  Electronnaja  Promyshlennost. 
1902,  1,  55-50. 
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DEVELOPMENT  OP  REFLECTOMETRY  FOR  PLASMA 
DENSITY  MEASUREMENTS  AT  JET 

A  E  Costley 

JET  Joint  Undertaking,  Abingdon.  Oxon,  0X14  3EA,  UK 


1.  INTRODUCTION 

Although  the  basic  phyaica  of  millimetre  wave  reflectometiy  haa  been  known  for  many  years,  it  is  only  recently 
that  reliable  measurements  have  been  obtained  with  the  technique  in  applications  on  tokamak  plasmu.  This  is  primarily 
because  for  these  plaimas  the  electron  density  is  a  rapidly  fluctuating  parameter  and  these  fluctuations  generate  bi^*band 
'noise'  in  the  measurement  systems.  Also,  several  Important  experimental  requirements  were  not  originally  realised. 
Recently,  special  techniques  and  hardware  for  proceulng  the  rignids  have  been  developed,  and  appit^riate  care  taken  in 
designing  and  Implementing  the  measurement  systems.  As  a  result,  reliable  measurements  are  now  being  obtained 
routinely  and  are  being  used  extensively  in  plasma  physios  studies. 

Refleciometry  has  the  potential  to  provide  measurements  of  the  spatial  dependence  of  the  electron  density,  ie.  the 
electron  density  profile,  during  quasi<stationary  periods  of  the  plasma.  It  can  also  provide  measuremenu  of  the 
movement  of  specific  density  layers  during  fast  phenomena,  ie.  density  transients.  In  principle,  information  on  the  broad 
band  density  fluctuations  can  also  be  obtained. 

Extensive  use  is  made  of  reflectometry  at  JET  where  substantial  systems  have  been  developed.  In  this  paper,  we 
discuss  the  principles  of  the  technique  and  describe  the  instrumenution  on  JET.  Results  demonstrating  the  performance 
of  the  reflectomeiers  are  presented. 


2.  PRINCIPLES  OF  REFLECTOMETRY 

Millimetre  wave  radiation  is  directed  at  the  plasma  along  the  gradient  of  the  electron  density  and  reflected  at  the 
layer  where  the  electron  density  equals  a  critical  value  (ne  ■  nc(o)))  at  which  the  plasma  reflnctlve  index  has  fisllen  to  xero. 
Usually  the  launched  radiation  hu  its  electric  vectw  p^lel  to  the  magnetic  field  (o-mode)  and  in  this  case  the  reflection 
occurs  when  the  source  flrequency  to  n  o)p  ■  (nee^/eome)!/^  where  tOn  is  the  plasma  ftaquency.  Phase  changes  in  the 
reflected  radiation  are  measuied  by  mixing  it  with  a  reference  beam  in  a  detector.  The  frequency  of  the  source  is  swept  and 
the  corresponding  change  of  phase  (^)  measured.  Different  frequencies  are  reflected  at  different  density  layers  with  higher 
frequencies  being  reflected  at  higher  densities  which  are  located  towards  the  centre  of  the  plasma,  dd/du  is  determined  at 
each  frequency  in  the  range  of  interest  and  the  spatial  profile  of  the  electron  density  (ne(R})  is  determined  by  an  inversion 
technique  [1], 

Alternatively,  the  source  frequency  can  be  held  constant  and  movements  of  a  single  density  layer  determined  by 
measuring  d(l).  By  combining  data  from  two  or  more  reflectometers  it  is  in  principle  possible  to  determine  the  spatial 
extent  and  movement  of  the  density  perturbations  which  generate  the  broad'band  fluctuadons  in  the  reflectometer  signals. 
The  data  are  analysed  using  correlation  techniques  and  the  method  is  known  as  Correlation  Reflectomeuy  [2]. 

3.  IMPLEMENTATION  AT  JET 

The  main  reflectometer  on  JET  is  a  multichannel  system.  The  outputs  from  twelve  Qunn  oscillators  operadng  in 
the  range  18  <  f  <  80  OHx  are  multiplexed  into  an  oversized  (WO  12A)  waveguide  (figure  1).  A  combiner  employing 
band  branching/channel  filtering  systems  was  developed  specifically  for  this  purpose  [3].  The  waveguide  haa  a  length  of 
25  m  and  employs  reduced  height  E-plane  bends  to  minimise  mode  conversion.  The  radiation  is  launched  and  received 
using  separate  antennas  mounted  in  the  JET  vacuum  vessel.  The  separation  of  the  reflected  signals  la  effected  with  a 
second  band  branching/channel  filtering  system,  and  the  signals  are  detected  using  sensitive  heterodyne  receivers.  The 
data  acquisition  Includes  automatic  fringe  counting  electronics  to  give 

The  system  can  operate  in  both  the  swept  fr^uency  and  fixed  frequency  modes.  In  the  swept  mode,  the  frequency 
of  each  source  is  swept  over  a  narrow  range,  typically  100  MHz,  in  a  time  of  >  3  ms.  dd/d(0  Is  determined  by 
Interpolation  at  all  frequencies  in  the  measured  range  and  ne(R)  obtained  by  Inverting  the  daui.  A  typical  result  is  slnwn 
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in  figure  2,  In  the  fixed  frequency  mode,  fractions  of  a  Mnge  can  be  measured  and  so  very  small  movements,  typically 
<  I  mm,  in  the  positions  of  the  density  layers  can  be  determined  with  recording  bandwidths  up  to  100  kHz. 

Two  types  of  correlation  reflectometer  have  also  been  constructed.  In  one  case,  radiation  from  four  Ounn 
oscillators  at  7S.S,  75.6, 76.15  and  77.75  OHz  is  multiplexed  into  one  waveguide  and  the  reflected  radiation  is  detected 


Figurt  1,  Schemiic  of  th»  JET  multichanntl  rtfJectomeier  system 

by  a  broad’band  heterodyne  receiver.  The  different  channels  are  separated  by  filtering  at  the  IF  stage.  The  fluctuating 
signals  are  recorded  with  a  wide  bandwidth  (100  kHz)  and  the  size  of  the  density  perturbations  In  the  direction  of  the 
plasma  radius  is  determined  by  a  correlation  analysis.  In  the  second  case,  two  reOectometers  operating  at  tlie  same 
frequency  but  probing  the  plasma  at  different  toroidal  locations  are  used  to  determine  the  toroidal  motion  of  the 
perturbations. 

The  next  phase  of  JET  is  aimed  at  improving 
the  control  of  Impurities  and  plasma  exhaust  by  using 
a  pumped  divertor  mounted  inside  the  JET  vacuum 
vessel.  New  diapostic  systems  are  being  prepared  for 
measuring  the  parameters  of  the  plasma  In  the  divertor 
region.  In  particular,  a  novel  'comb'  reflectometer  is 
being  prepa^.  In  this  device  radiation  at  several  fixed 
frequencies  is  launched  at  the  plasma  along  the  same 
line  of  sight  and  the  highest  frequency  in  reflection  is 
determined  by  observing  both  the  amplitude  of  the 
transmitted  brams  and  the  level  of  fluctuations  on  the 
reflected  beam.  The  peak  density  in  the  line  of  sight  is 
therefore  estimated.  In  addition,  a  swept  frequency 
reflectometer  for  measuring  the  density  profile  in  the 
exueme  edge  of  the  plasma  (scrape*ofMayer)  in  the 
mid-plane  is  being  constructed.  Possibilities  exist  for 
oven  more  advanced  systems  utilising  pulsed  radar  or 
pulse  compression  techniques  and  these  are  under 
consideration. 

1 .  I  H  Hutchinson,  'Principles  of  Plasma  Diagnostics’,  125-128  Cambridge  University  Press  (1987). 

2.  A  B  Costtey,  P  Cripwell,  R  Prentice  and  A  C  C  Sips,  Rev.  Sci.  Instrum.  M  (10),  282.V2838  (1990). 

3.  M  Medeiros  and  N  Williams,  Conf.  Digest  Twelfth  International  Conference  on  Infrared  and  Millimetre  Waves, 
IEEE  Catalog  NO.87CH2490-1  (1987). 
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Figure  2:  Typical  measured  electron  density  profiles. 
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AN  ADVANCED  RADAR  TECHNIQUE  FOR  ELECTRON  DENSITY 
MEASUREMENTS  ON  LARGE  TOKAMAKS 

P.MlilQt.  H.Uvique 

Centre  d'Btudes  et  de  Recherches  de  Toulouse  (ONBRA/CERT) 
D4parteinent  d'Btudes  et  de  Recherches  en  MicroOndes 
2,  avenue  Edouard  Delln 
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A  new  way  to  measure  the  electron  density  profile  by 
microwave  reflectomeiry  is  studied.  Hie  idea  is  to  use  a 
pulse  compression  millimeter  waves  radar.  The 
technique  is  dlKussed  and  laboratory  measurements  and 
simulations  are  presented. 

1  Inlmdiiflrinn 

The  radar  technique,  although  very  common  in 
ionospheric  studies  to  measure  plasma  electron  density 
has  never  been  used  on  tokamaks  for  electron  density 
profile  measurements  by  microwave  reflectometry. 
This  is  due  to  the  very  short  time-of-fllght  to  be 
measured  (some  ns  related  to  plasma  geometry). 

We  propose  in  this  paper  to  discuss  a  new  idea:  a 
pulse  compression  radar  for  plasma  reflectometry. 
Recently,  pulsed  radar  with  ultra>short  pulses  has  been 
proposed  [1],  but  the  detection  problem  due  to  the  very 
fast  acquisition  system  can  not  be  easily  overcomed. 
Pulse  compression,  with  a  space  resolution  independani 
of  pulse  duration  T,  does  not  present  this  drawback  [2]. 
More,  the  time  T  can  be  chosen  low  enough  (some 
^s),  in  order  that  plasma  density  fluctuations  do  not 
hamper  the  measurements. 

1  A  mllUiMtcr  wava  ntilMi  gnmnnsiwlnn  radaf 

According  to  radar  theory,  one  needs  a  frequency 
bandwidth  B  to  achieve  a  given  resolution  R.  (We 
recall  that  the  resolution  is  tte  ability  to  separate  two 
reflections).  About  20  cm  of  resolution  is  enough  in 
most  cases  to  separate  spurious  reflections  (like 
antennas,  vacuum  windows...),  leading  to  B  of  about  1 
QHz.  The  bandwidth  B  can  be  obtained  in  many  ways, 
the  easiest  is  LFM  (Linear  Frequency  Modulation)  or 
"chirp".  We  can  use  as  waveform  generator  a  direct 
frequ^y  synthetlser  (DPS)  for  high  level  performance. 
The  LFM  is  composed  of  a  number  N  of  CW  frequency 
steps.  N  is  fixed  by  the  range  to  be  measured  (20  steps 
of  SO  MHz  give  a  3m  range).  The  long  pulse  duration 
T  is  equal  to  N  times  the  commutation  time  tc  of  the 
synthetlser.  At  the  ouq>ut  of  a  quadrature  detector  (I/Q) 
the  signal  is  sampled  at  10  MHz  for  example,  then 
minimum  tc  is  100  ns  and  Tm2  |xs. 

Since  DFS  are  usually  commercially  available  in 
nentlmeter  waves,  upconversion  is  necessary  to  emit  in 
millimeter  wave8.(2(utdrature  detection  is  made  in  centi¬ 


meter  waves  (fig  1)  after  downconverslon  and  low  noise 
amplification. 

With  the  set  of  data  (amplitude.phase)  for  each 
frequency  step,  pulse  compression  is  performed 
numerically  by  complex  signal  processing  (correlation 
process  or  Inverse  FFT). 

Since  the  frequency  synthetlser  is  very  precise,  it  is 
possible  to  calibrate  the  microwave  system  in 
amplitude  and  phase  versus  frequency.  This  can 
improve  the  measurement  in  particular  when  a  long  and 
complex  transmission  line  is  used.  One  can  also 
remove  echos  that  are  always  present  like  vacuum 
window  by  direct  substraction  between  two  sets  of  data. 
Another  improvement  could  le  pulsed  Instead  of  CW 
operation  to  achieve  range  gating  in  cases  of  long 
transmission  line. 

Owning  to  the  versatility  of  DFS,  many  different 
wavefonns  other  than  LFM  can  be  Investigated. 

3.  AnnUcatlon  tn  plasma  fBnegtnmetfV! 

Oversized  waveguides  are  most  often  necessary  to  carry 
the  waves  to  the  tokamak.  If  these  guides  are  enough 
oversized,  phase  dispersivity  does  not  distort  the 
pulses. 

In  plasma  reflectometry,  one  needs  the  knowledge  of 
the  function  t(F),  where  t  represents  the  group  delay 
for  each  frequency.  One  can  cover  the  whole  frequency 
band  In  broadband  operation  like  in  Tore  Supra  [3],  or 
use  a  set  of  discrete  frequencies  like  in  JET  [4].  'The 
second  solution  leads  to  a  large  number  of  pulse 
compression  radars.  But  a  chirp  of  1  GHz  is  obviously 
faster  than  a  chirp  of  10  or  20  GHz.  Nevertheless,  the 
radar  technique  is  an  upgrade  solution  in  both  cases. 

4.  Numerical  oimiilatlnns! 

Numerical  simulations  have  been  made  for  the 
reflection  of  a  chirp  of  center  frequency  F  with  a 
bandwidth  B  on  a  realistic  plasma.  The  assumption  that 
the  time  delay  corresponding  to  the  maximum  of  the 
reflected  pulse  is  equal  to  the  group  delay  t(F)  has  been 
verified  for  B  varying  from  .5  to  2  GHz.  We  have  also 
seen  that  there  is  a  negligible  error  on  the  result  of 
Abel  inversion  except  for  cases  where  the  profile  is 
very  flat. 
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S^Laboratorymcflaurcmcnia: 

A  tnock-up  of  a  radar  reflectometer  has  been  built  in 
the  laboratory  in  Ka  and  W  band  (fig  2).  Oversized 
waveguide  WC1I6  excited  by  linear  tapers  is  used,  as 
well  as  8  mitre  bends.  The  arrangement  is  bistatic  (2 
antennas  making  a  small  angle)  and  a  piece  of  quartz 
simulates  the  vacuum  window,  Data  are  taken  directly 
from  the  S 12  measurement  of  a  Wiltron  vectorial 
analyser  and  processed  by  FFT.  Figure  3  shows  a 
rough  result  of  this  time  domain  analysis  at  76  QHz 
with  a  small  nigged  mirror  (area:  30  cm^)  at  1  m.  One 
recognizes  easily  the  pulse  reflected  on  the  mirror(2) 
and  the  one  reflected  on  the  wlndow(l).  Nevertheless, 
spurious  pulses  can  be  seen  after  the  mirror  one.  They 
can  be  explained  as  the  effect  of  waves  partially 
reflected  inside  the  transmission  line  and  delayed  by 
buck  and  forth  comings.  A  calibration  process  has  been 
performed  using  tlic  reflection  on  a  comer  cube.  In  this 
case,  spurious  pulses  arc  20  dD  decreased.  When  the 
mirror  is  drawn  back  of  some  lens  cm,  the  difference  of 
distance  can  be  estimated  with  a  precision  of  1  mm. 

HConcJusiflii: 

A  new  type  of  reflectometer  using  pulse  compression 
has  been  presented.  Obtained  results  are  the  following 
ones: 

•  pulse  compression  radar  suitability  for  density  profile 
measurements 

•  the  possibility  to  work  with  oversized  transmission 
lines 

-  efficiency  of  calibration  process 

We  expect  in  fast  operation  a  time  measurement  of 

snmcp.s  (with  a  10  Mil/,  acquisition), 

In  conclusion,  we  think  that  pulse  compression  radar 
is  an  advanced  solution  for  plasma  rcflectometry,  with 
excellent  time  and  space  resolution.  It  is  especially 
well  suited  for  large  tnkamaks  where  long  transmission 
lines  and  complex  microwave  set-up  are  used. 

The  authors  are  indebted  to  LLaurent,  CLaviron  and 
M.Paume  from  CEA/DRFC  for  lending  the 
waveguides  and  other  components 
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(homodyne) 


Figure  3  : 

•  Pulse  reflected  by  the  mirror 
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A  FOUR-CHANNEL  POLARIZING  INTERFEROMETER  FOR  ECE 
MEASUREMENTS  ON  FTU  TOKAMAK 
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ABSTRACT 

Fourier  Transform  Spectrometers  (FTS)  are  very  useful  for  ECE  measurements  since  they  can  be 
absolutely  calibrated  by  standard  blacKbody  sources,  so  that  independent  electron  temperature 
measurements  can  be  obtained.  The  simultaneous  use  of  several  Spectrometers  is  often  required, 
either  to  analyse  two  dimensional  configurations  or  to  study  the  spatial  distribution  of  suprathermal 
electrons. 

The  path  difference  In  conventional  FTS  is  scanned  by  translating  a  plane  mirror;  an  alternative 
scheme  Is  based  on  the  rotation  of  a  screw  shaped  reflector:  this  makes  possible  the  development  of 
multichannel  instruments  with  a  single,  very  fast  scanning  device. 

1.  THE  FCURIER  TRANSFORM  SPECTROMETER 
ECE  measurements  are  routinely  performed  on  FTU  toKamak  (major  radius  93.5  cm;  minor  radius 
30  cm;  toroidal  magnetic  field  up  to  8T)  by  means  of  a  prototype  FTS  [1],  In  which  a  rotating 
screw  shapeu  reflector  is  used  to  scan  the  path  difference  between  the  arms  of  the  Interferometer 
from  0  to  4  cm,  with  a  duty  cycle  bettor  than  90%,  and  a  minimum  scan  time  of  1.2  ms. 

In  this  paper  we  describe  a  new  version  of  the  FTS.  in  which  the  size  of  the  screw-shaped  reflector 
has  been  increased,  both  in  order  to  increase  the  ^tendue  and  to  serve  four  interferometric  channels. 
The  radius  of  the  reflector  is  IS  cm  and  the  size  of  the  reflecting  annulus  is  3  cm.  The  maximum 
path  difference  is  4cm  and  the  scan  time  is  Sms.  The  FTS  (fig.  1)  receives  collimated  radiation 
from  an  8x8  cm  square  section  light  pipe;  radiation  Is  focused  onto  the  screw  shaped  reflector  by  a 
paraboloid  with  a  focal  length  fi>33  cm.  A  field  lens  with  f«33  cm  is  placed  near  the  reflector;  It  Is 
crossed  twice,  so  that  Its  effective  focal  lenght  Is  f/2-  16.5  cm,  and  It  Images  the  FTS  input 
aperture  onto  the  output  one.  The  same  arrangement  Is  used  for  the  reference  mirror. 

The  etendue  obtained  with  this  optical  arangement  Is  about  0.3  cm^sr,  so  that  there  is  no  reduction 
with  respect  to  the  one  of  standard  InSb  detectors.  Diffraction  effects  are  negligible  at  the  maximum 
wavelength  for  which  spectral  information  Is  required,  I.e.  \.>2  mm. 
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TPX  lenses 


Fig.  1 :  channel  optical  arrangement 


2.  CONCLUSIONS 

A  novel  four-channel  Polarizing  Fourier  Transform  Spectrometer  has  been  developed.  A  aingle 
rotating  screw  shaped  reflector  la  used  to  scan  the  path  difference  between  the  arms  of  each 
interferometer  from  0  to  4  cm.  The  duty  cycle  Is  better  than  90%;  the  scan  time  Is  6  ms;  the 
Stendue  of  each  channel  is  0.3  cm^sr. 
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THE  RECEIVER  SYSTEM  OF  THE  FAST  ION  AND  ALPHA  PARTICLE 

DIAGNOSTIC  AT  JET 

J.A.  Fessey,  J.A.  Hoekzema,  T.P.  Hughes 
JET  Joint  Undertaking,  Abingdon,  Oxfordshire,  0X14  3EA,  UK. 

1.  INTRODUCTION 

A  1400Hz  collective  Thomson  scattering  diagnostic  is  presently  being  built  to  study  the  distribution  of  fast  Ions  and  alpha* 
particles  within  the  JET  plasma.  A  technical  overview'  and  description  of  the  mm<wave  transmission  system^  are  presented 
in  other  contributions  to  this  conference.  This  paper  will  discuss  the  design  of  the  multi*channel  super  heterodyne  receiver 
and  dedicated  data  acquisition  system.  1400Hz  radiation  from  a  gyrotron  (250kW  average,  5s  pulse  duration)  is  li\)ected  into 
the  plasma  where  it  is  scattered  by  the  shielding  electrons  moving  with  each  ion.  The  receiver  is  designed  to  measure  the 
spectral  power  density  of  the  scattered  radiation  (lO*'^-  10''^W/Hz)  against  an  electron  cyclotron  background  emission  of 
much  higher  magnitude'  (10''^W/Hz).  This  is  achieved  by  amplitude  modulating  the  probing  beam  and  synchronous 
detection  of  the  scattered  signal.  Refraction  of  the  beams  within  the  plasma  can  be  Important  at  high  densities  and  the 
position  of  the  scattering  volume  will  therefore  change  as  the  plasma  evolves.  A  system  of  'slave'  receivers  Is  being  developed 
to  track  this  movement  and  to  control  the  trt^ectory  of  the  main  receiver  beam  by  adyusting  the  orientation  of  the  antenna. 

2.  THE  MAIN  SUPER  HETERODYNE  RECEIVER 

The  input  to  the  main  receiver  is  from  a  quosi-optical 
polarizer^  which  couples  the  HE|,|  mode  of  the  main 
transmission  waveguide  to  the  TE,;,  mode  of  the  receiver.  A 
notch  filter  placed  before  the  mixer  rejects  stray  light  coupled 
into  the  receiver  waveguide.  A  conventional  balanced  mixer 
with  integral  pre*amp  and  separate  power  amplifier  down* 
converts  the  I40±6  OHz  signal  to  Ilid  OHz.  The 
bandwldths  of  the  32  channels  ore  proportional  to  their 
displacement  from  the  central  frequency,  the  narrowest  being 
only  20MHz,  which  is  less  than  the  expected  gyrotron 
frequency  drift.  The  central  spectral  region  is  therefore 
down-converted  again,  using  a  local  oscillator  (LO)  which  is 
derived  from  the  frequency  difference  between  the  first  LO 
and  the  gyrotron.  This  is  necessary  because  the  width  of  each 
channel  is  proportional  to  its  displacement  from  the  central 
frequency.  The  closest  channel  to  the  central  frequency  has  a 
width  of  only  20MHz,  less  than  the  expected  gyrotron 
frequency  drift.  The  frequency  discrimination  is  performed 
by  32  bandpass  filters  followed  by  Schottky  diode  detectors, 
llie  diode  signal  is  amplified  and  filtered  prior  to  being 
recorded  with  a  Real  Time  Signal  Averager  (RTSA). 

2.1.  First  heterodyne  stage  Fig  I,  Schematic  of  the  receiver 

The  first  mixer  and  integral  23dB  pre-amp  is  biased  with  a  1mA  DC  current  source  and  a  frequency  doubled  640Hz  Ounn 
oscillator.  The  measured  (dsb)  noise  temperature  of  the  receiver  is  between  0.5eV  and  O.BeV,  close  to  the  mixer,  which 
translates  to  approximately  80eV  (ssb)  at  the  plasma  antenna.  Following  amplification  and  attenuation  the  signal  Is  divided 
three-ways,  two  ways  are  fed  to  8-way  power  dividers  and  bandpass  filters  and  the  third  way  is  fed  to  the  second  heterodyne 
stage.  The  attenuator  is  necessary  during  plasma  measurements  to  avoid  saturation  of  the  amplifiers  but  Is  removed  during 
calibration  procedures  when  tlie  frill  gain  is  required.  An  identical  receiver,  using  the  same  local  oscillator,  Is  used  to 
downconvert  a  sample  of  the  gyrotron  power.  This  nominal  12QHz  signal  ( 1400Hz  gyrotron  -  1280Hz  LO  +  gyrotron  drift  - 
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LO  drift)  is  'up  converted'  to  either  9.S  or  l4.SOHz  and  used  as  the  LO  in  the  second  heterodyne  stage  in  order  to 
compensate  for  the  frequency  drift  of  the  gyrotron  and  first  LO^. 

2.2.  Second  heterodyne  stage 

The  central  portion  of  the  spectrum,  from  138.9QHz  to 
140.20Hz,  is  down  converted  in  a  second  mixer  to  the  frequency 
band  2.3  to  3.60Hz.  There  are  two  reasons  for  this  second  J 
conversion  stage.  Firstly,  it  facilitates  the  manufacture  of  the 
bandpass  filters  and  secondly  it  allows  compensation  for 
frequency  drift  in  the  gyrotron  and  first  LO.  After  amplification 
the  signal  Is  divided  two  ways  and  fed  to  two  8-way  power 
dividers  and  sixteen  bandpass  filters. 

2.3.  Video  stage 

The  filtered  signals  are  attenuated  and  detected  with  unbiased  Schottky  diodes.  The  attenuation  is  necessary  to  equalise  the 
power  onto  each  diode,  avoiding  non-linearities  due  to  saturation,  or  operation  close  to  the  diode  noise  floor.  Conventional 
low  noise  video  amplifiers  with  swltchable  gain  and  bandwidth  are  used  to  condition  the  signals  prior  to  recording  the  data 
with  a  Real  Time  Signal  Averager. 

2.4.  Real  time  signal  averager 

To  recover  the  scattered  signal  from  the  plasma  noise  the  gyrotron  signal  is  amplitude  modulated  and  synchronous  detection 
is  employed.  A  data  acquisition  system  has  been  designed  and  built  to  sample  the  scattered  signal  at  up  to  5  mega-samples 
per  second  and  perform  coherent  addition  of  the  signal  in  real  time.  This  VME  based  system  Includes  1281c  words  of  23  bit 
data  memory  per  channel  and  a  flexible  timing  system  to  control  the  sample  rate,  summation  depth  etc.  In  standard 
operation  It  Is  expected  that  10-100  pulses  will  be  added  during  Ims  to  give  a  single  pulse  waveform,  characterised  by  20 
points.  Further  pulse  addition  will  then  be  done  In  software  to  obtain  a  sufficient  S/N  ratio  (typically  lOOtns  time  resolution 
for  fast  o-partlcle  measurements). 


Fig,  2  Spectral  distribution  of  channels 


3.  RECEIVER  ANTENNA  CONTROL 


To  track  the  movement  of  the  scattering  volume  as  the  plasma  evolves,  the  direction  of 
the  receiver  antenna  will  be  controlled  by  a  real  time  feedback  system  that  utilises  signals 
from  two  slave  antennas  acyacent  to  the  main  antenna  plus  a  signal  from  the  main 
receiver.  Tlie  slave  receiver  front  end  is  Identical  to  that  of  the  main  receiver  with  two 
balanced  mixers  and  a  single  1280Hz  LO.  A  notch  filter  is  used  to  remove  the  stray  light 
and  a  60Hz  wide  (RF)  bandpass  filter  defines  the  central  portion  of  the  scattered  signal 
that  Is  received.  This  will  allow  a  time  resolution  of  approximately  1ms. 

The  signal  processing  for  the  feedback  signals  consists  of  throe  lock-in  amplifiers  feeding 
VME  based  analogue  to  digital  converters.  The  control  algorithm  will  be  Implemented  in 
the  VME  processor  which  will  have  control  of  the  antenna  servo  motors. 


Fig.  3  Beam  Trctlectories 
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Summary 


A  140  GHz  filled  two-dimensional  focal  plane  camera  which  images  phase  and 
temperature  fluctuations  can  provide  information  unobtainable  from  more  conventional 
plasma  diagnostics  systems.  The  Instrument  was  designed  to  give  both  spatial  and 
temporal  resolution  necessary  to  identifv  plasma  modes  which  fluctuate  over^eriods  of 
lO's  to  hundreds  of  microseconds  with  scale  lengths  of  centimeters.  Filled  two 
dimensional  measurements  will  form  2-0  thermal  and  3-D  reflectometer  images  of  small 
turbulent  modes  which  are  thought  to  be  responsible  for  plasma  energy  transport 

The  camera  consists  of  a  4  x  16  vertical  element  continuous  width  slot  antenna  focal 
plane  array  (l^a)  with  subharmonicaUv  pumped  mixers,  a  phase  locked  70  GHz  local 
oscillator,  and  a  140  GHz  transmitter.  Ine  70  GHz  oscillator  signal  is  reflected  toward  the 
l^a  elements  by  a  quasioptical  band  rdecdon  filter.  Each  of  the  64  channels  has  a  2  GHz 
bandwidth  radiometric  channel  and  500  kHz  I  and  Q  channels  for  phase  measurements.  All 
of  the  electronics  associated  with  each  block  of  8  fye  elements  are  on  2  printed  circuit 
cards.  One  motherboard  provides  video  multiplexing,  address  generation,  a  coaxial  cable 
driver,  and  voltage  regiuators.  The  backend  comprising  the  I/Q  detectors,  30  MHz 
reference  distribution,  500  KHz  fllter/amplifiers,  and  d.c.  power  sources  are  separated 
from  the  ^a  by  a  9.14  m  coaxial  ribbon  cable. 

Hguie  1  illustrates  the  operation  of  the  camera  as  a  reflectometer.  The  transmitter  beam 
propagates  unfocused  through  a  hole  in  the  lens  center  and  illuminates  an  area  24  cm  in 
diameter  at  a  distance  of  2  m  from  the  lens.  The  power  received  by  each  fpa  element  is 
focused  by  the  zoned,  aplanatic  lens  to  a  1  -  2  cm  spot  size  at  the  half  power  vndth.  The  64 
pixels  are  adjacent  at  the  half  power  level,  giving  an  image  spanning  about  6  x  24  cm.  The 
camera  performance  is  summarized  in  Table  1. 
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1.  introduction 

The  pumped  divertor<'>  is  a  mttior  upgrade  for  the  JET  tokamak.  Its  purpose  is  to  control  the  influx  of  Impurities  into 
the  plasma  and  minimize  the  heat  loading  on  the  target  tiles.  The  plasma  parameters  in  the  divertor  region,  low  electron 
temperature,  Te,  (I0>I00  eV)  and  high  electron  density,  n«,  (~102o  m  S)  are  very  different  from  those  of  the  bulk  plasma. 
Electron  cyclotron  emission  (ECE)  cannot  be  used  to  measure  local  Ta  because  of  the  resulting  iow  optical  depth,  t, 
However  low  t  makes  the  measurement  of  electron  cyclotron  absorption  (ECA)  feaslblel^K*).  The  absorption  is  directly 
related  to  the  local  noTe  product. 

The  technique  chosen  to  make  this  measurement  must  overcome  a  variety  of  problems:  high  background  ECE  from  the 
bulk  plasma,  poor  access  for  antennas,  a  50  metre  distance  from  the  insuument  to  the  plasnui  and  coherence  effects  hrom  the 
microwave  source.  Moreover,  the  Instrument  must  be  tunable  over  a  35  OHz  bandwidth,  which  for  a  given  plasma  discharge 
is  fixed  somewhere  in  the  range  120  to  240  OHz  depending  on  the  magnetic  field  value, 

2.  DIAGNOSTIC  TECHNIQUE 

The  requirements  of  covering  two  waveguide  bands  (WR6  and  WR4)  and  overcoming  the  significant  losses  in  the 
system  (<>45  dB)  have  led  to  a  design  based  on  two  BWO  sources.  Each  BWO  can  cover  an  entire  waveguide  band,  has  an 
output  power  >10  mW  and  can  be  rapidly  tuned  (<  1ms,  full  band).  However  the  high  temporal  coherence  of  such  a  source 
can  produce  standing  waves  and  trapped  modes  In  the  oversized  waveguides  used  to  transmit  the  radiation  to  and  from  the 
plasma.  This  can  result  in  significant  time  and  frequency  dependence  of  the  transmissivity  of  the  system. 


2.1  SUPPRESSION  OF  COHERENCE  EFFECTS 


Waveguide  discontinuities,  such  as  oversized  E-  and  H>  plane  bends,  tapers,  antennas  and  windows,  are  the  cause  of  the 
standing  waves.  The  discontinuities  can  reflect  or  mode  convert  some  fraction  of  the  radiation,  forming  resonant  cavities 
which  result  in  a  strongly  frequency  dependent  transmission. 

Trapped  mode  resonances,  in  which  power  is  converted  into  higher  order  waveguide  modes  which  are  trapped  and 
strongly  absorbed  in  the  cavity,  can  produce  particularly  severe  effects.  Small  mechanical  movements  can  shift  these 
resonances  significantly  which  would  Introduce  spurious  (non-ECA)  absorption  into  the  measurement. 

We  are  developing  a  swept  frequency  interferometer  technique  for  suppressing  these  coherence  effects.  The  method 
relies  on  a  very  linear  sweep  of  the  source  frequency  which  generates  a  consumt  beat  frequency  at  the  detector  by  interference 
between  radiation  from  a  fixed  refeiencc  arm  and  that  from  the  plasma  arm.  The  beat  frequency.  f|p,  is  given  by 


fr 


df  AL 

i«  ’r  •  — 


(1) 


where  AL  is  the  dlfferenco  in  length  between  tlie  plasma  arm  and  the  reference  arm. 

Any  radiation  that  is  reflected  between  two  discontinuities  in  the  plasma  arm  will  have  uken  a  longer  path  length  to 
the  detector  and  will  generate  a  displaced  beat  frequency  when  it  beats  with  the  reference  arm  (a  ghost  beat).  By  making  the 
reference  arm  shorter  than  the  plasma  arm,  all  ghost  beau  will  be  displaced  to  frequencies  above  fiF>  The  frequency  separation 
of  the  ghosts  from  fip  is  given  by 


r  A  df  29L>AL  MK 

'ghoit  •  fiF  •  5  •  ^  (2) 

where  SL  is  the  effective  distance  between  the  two  discontinuities.  Assuming  a  sweep  rate  of  30  OHz/ms  and  AL  of  Im,  ftp 
is  100  kHz.  By  separating  bends,  tapers  and  windows  with  at  least  1  m  (5L>lm)  of  straight  waveguide,  the  ghost  beau  will 
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lie  at  least  100  kHz  above  fip.  They  can  then  be  eliminated  fiom  the  detected  signal  by  filtering.  Furihemtore,  the  trapped 
mode  resonances  are  suppressed,  because  the  rapid  frequency  sweeping  prevents  the  phase  matching  required  for  resonance. 

The  transmission  can  be  obtained  by  ratioing  the  detected  signals  measured  with  plasma  (during  the  discharge)  and 
without  plasma  (before  the  discharge). 

2.?  THE  PROTOTYPE  INSTRUMENT 

Initial  experiments  have  been  aimed  at  proving  the  principles  of  the  technique.  A  test  instrument  has  been  made  with  a 
10  m  oversized  (S-band)  waveguide  arm  and  a  quasi-optical  reference  arm.  A  varactor  tuned  Qunn  diode  source  has  been 
linearised  over  a  1  ms  sweep  from  86  to  92  QHz.  To  generate  large  standing  waves, .  cavity  circuit  was  added  to  the 
waveguide  arm  using  an  in-waveguide  beamsplitter.  The  beat  signal  with  the  cavity  installed  is  shown  in  Pig  1.  The  power 
spectra  of  the  beat  signals,  I(f)t  with  and  without  the  cavity  arm  is  shown  in  Pigs  2  and  3.  A  2S  kHz  top  hat  filter  was 
applied  in  the  frequency  domain,  as  shown,  and  the  time  traces  were  reconstructed  from  the  filtered  spectra.  Fig  4  shows  the 
ratio  of  the  modulation  envelopes  of  the  two  filtered  time  traces.  The  modulation,  around  the  expected  value  of  1,  evident  In 
Pig  4,  is  because  the  filtering  process  has  not  yet  been  optimized. 

3.  CONCLUSION 

The  swept  frequency  interferometer  technique  has  been  successfully  Implemented  on  a  prototype  instrument  for  the 
EGA  diagnostic.  On  the  basis  of  these  results,  the  actual  instrument  is  now  being  designed.  This  design  and  f  .rther  results 
will  presented  at  the  conference. 

The  authors  wish  to  thank  Dr.  Richard  Wylde  for  many  informative  discussions  anu  for  contributions  to  the  design  of 
the  quasl-optical  reference  arm  used  in  this  work. 
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Figure  3;  Power  Spectrum  of  Beal  without  Cavity.  Figure  4;  Ratio  of  the  modulation  envelopes  of 

the  reconstructed  time  signals 
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A  nnultl>channel,  fixed  frequency  heterodyne  radiometer,  operating  inthe  radiation  frequency  range 
73GHz  to  127GHz,  ia  used  for  electroncyclotron  emiaaion  meaaurementa  on  the  JET  tokannak  (1).  In  a 
tokamak,the  apatial  variation  of  the  magnetic  field  in  the  plaama  provldea  the  meana  by  which 
apatiaily  reaolved  meaaurementa  of  theeiaaion  can  be  made  (2).  To  obtain  well  localized  meaaurementa,  it 
ianeceaaary  to  minimlae  the  volume  over  which  the  meaaured  emiaaion  la  averaged.  The  apatial 
resolution  along  the  line  of  sight  is  determined  by  the  spectral  resolution  of  the  radiometer  which,  in  the 
case  of  the  JET  radiometer,  la  500  MHz.  This  corresponds  to  a  spatial  resolution  of  "20.mm.  The  spatial 
resolution  transverse  to  the  line  of  sight  is  determiniNl  by  the  antenna  pattern  of  the  collection  system.  At 
present  a  waveguide  system  is  used  and  this  haa  a  apot  size  of  >20  mm  at  the  plasma  centre.  A  quasi* 
optical  system  which  will  be  used  to  improve  this  is  under  construction  and  ia  described  in  this  paper. 

The  quasi’Optical  system  haa  been  designed  to  satisfy  certain  criteria.  It  must  operate  over  a  wide 
bandwidth;  the  bandwidth  of  the  radiometer  has  been  Increased  to  cover  73GHz  to  139GHz.  It  must 
transmit  two  orthogonal,  linear  polarisations  with  minimal  cross*polar  scattering  because  the 
radiometer  measures  the  Intensity  of  both  polariMtions  independently.  The  double  vacuum  window 
through  which  the  plasma  is  viewed  has  a  diameter  of  >65mm  which  means  that  the  beam  radius,  at 
the  vacuum  window,  has  to  be  >16.mm.  In  addition,  the  beam  has  to  couple  efficiently  to  oversized 
waveguide  which  is  used  to  transport  the  radiation  along  a  tortuous  path,  "40m  long  to  the  radiometer. 

Figure  1  shows  schematically  the  quasi*opticaI  collection  system.  Radiation  from  the  plasma  is  reflected 
by  the  two  off-axis  mirrors  and,  after  passing  throvigh  the  vacuum  window,  arrives  at  the  first  aperture  of 
a  'back-to-back'  corrugated  horn  (3).  After  traversing  the  horn,the  radiation,  in  a  fundamental  Gaussian 
beam,  is  coupled  into  oversized  waveguide. 

The  'back-to-back'  horn  is  formed  by  two  corrugated  tapers  connected  by  a  short  section  of  corrugated 
circular  guide.  The  fundamental  Gaussian  component  of  the  incident  field  excites  the  HE11  mode  which 
propagates  down  the  horn  structure.  The  short  circular  guide,  acting  as  a  mode  filter,  ensures  that  only 
the  HEll  mode  can  propagate  through  the  horn  and  defines  the  antenna  pattern  of  both  the  receive  and 
transmit  ends.  As  the  back-to-back  horn  is  axially  symmetric  It  transmits  orthogonal  polarisations  of  the 
incident  field  identically.  The  antenna  pattern  of  such  a  horn  has  been  measured  and  satisfactorily 
approximates  a  fundamental  Gaussian  beam.  Side  lobes  in  the  antenna  pattern  were  not  observed  above 
the  noise  floor  of  the  measurement  which  was  24dB  below  the  power  in  the  central  peak.  Cross-polar 
mode  conversion  was  also  not  detectable  at  this  level. 

To  meet  the  requirement  of  a  small  waist  at  the  vacuum  window,  the  'back-to-back'  horn  is  mounted 
directly  behind  the  window  and  the  collection  mirrors  in  the  vacuum  vessel.  The  mirrors  are  limited  in 
size  by  adjacent  components.  The  smallest  waist  that  can  be  produced  in  the  plasma  is  40mm,  at  a  distance 
of  2.5m  from  the  paraboloidal  collection  mIrror.The  cross-polar  power  loss  and  the  higher  order  nv>de  loss 
for  each  mirror  has  been  reduced  as  far  as  possible.  The  combined  power  loss  due  to  these  effects  is 
estimated  to  be  less  than  •24dB  for  each  mirror. 

The  quartz  discs,  which  form  the  vacuum  window,  are  tilted  to  reduce  channel  fringing  in  each  window 
and  in  the  gap  between  them.  They  are  tilted  at  equal  and  opposite  angles  so  that  the  beam  renuiins  on 
axis  after  traversing  the  window.  Residual  channel  fringing  will  occur  in  each  window  and  may  cause  the 
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transmiulon  of  the  double  vacuum  window  to  be  strongly  frequency  dependent.  Methods  are  being 
explored  to  reduce  this  effect  {see  Hughes  et  al  this  conference). 

Two  different  ways  of  coupling  the  quasi-optical  beam  into  the  oversized  waveguide  are  being  examined. 
The  first  is  to  illuminate  the  mouth  of  the  waveguide  directly  from  the  scalar  feed.  Coupling  in  this  case 
(4)  may  be  poor,  >>0.6,  but  it  can  be  applied  with  mininnal  technical  problems  In  this  situation.  The  second 
technique  is  to  focus  the  beam  to  form  a  waist  at  the  mouth  of  the  guide  using  a  third  mirror  (5)  as  shown 
in  Figure  1.  Coupling  should  be  higher  in  this  case,  20.9,  across  the  whole  bandwidth.  However,  limited 
access  may  prevent  the  use  of  this  arrangement. 

Experiments  are  in  progress  to  determine  the  best  method  for  coupling  the  beam  to  the  oversized 
waveguide  and  to  verify  the  performance  of  the  system  as  a  whole. 
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Figure  1:  The  CollectioH  Syetem  for  the  JET 

Electron  Cyclotron  Emhsion  Radiometer 
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ABSTRACrr 

The  results  are  presented  of  the  InvestlAation  of  the  hcmodyne  laser  Interfe- 
rcmeter-’polarlmeter  ^=195  jim  made  on  the  quasioptioal  element  basis  and  designed 
for  the  Q'noht'onous  determination  of  the  eleotronio  density  and  the  tnagnetlo 
field  of  the  thezmonuolear  plasma  on  '"KKAMAK". 

1.  OmCDUCTlON 

The  determination  of  the  mean  electron  density  n^  and  the  pololdal  msgnetlo 
field  la  of  great  importanoe  for  the  Investigation  of  the  high  tem¬ 
perature  ^  thermonuclear  plaona.  Ihe  m  Interferometers  aoe  widely  used  for  the  do- 
tennlnatiai  n«.  and  the  detennlnatlai  B  imy  be  caiTled  out  by  the  measurement  of 
the  pololdal  field  inducing  Faraday  ^  rotation  In  the  Tokamak  plaona,  the  polar!- 
meter  combining  with  the  Interferometer  .  It  Is  expcKllent  to  uee  a  submllllineter  la¬ 
ser  radlatlon^^in^,  the  large  plaona  machine  whon  the  electron  den¬ 
sity  Is  10  om"  and  the  plasma  diameter  Is  more  than  1000  mm. 

2.  HDCWIGAL  VSKmS£  of  IHE  OEVIGE 

We  have  developed  the  homodyne  Interferometer-polarlmeter  \=195  Mm  using  the 
Doppler  shifting  with  the  cylindrical  rotating  gratiitf  providing  frequency  shift 
about  106  kHs.  The  experimental  model  la  oreated  on  the  basis  of  the  hollow  olrcular 
dielectric  wavequlde  0  20  mm  and  quasioptioal  devices  and  Its  tests  are  carried  out 
with  using  the  DON  laser  and  liquid  helium  oooled  deteotors  ( InSb) .  Faraday  rotation 
angle  4^  is  measuz'ed  by  the  signal  level  U  reflected  from  the  analysing  wire  grating. 
The  wire  grating  la  mounted  orthogonally  to  tlie  Initial  polarisation  of  the  wave.  To 
reduce  hifluenoe  of  lediatlon  elllptlolty  the  analysing  and  polarlsatlng  gratings 
ore  mounted  direotly  near  at  the  plasma  chandber.  Faraday  rotation  Is  Imitated  by  the 
stepped  calibrator  with  tlie  stepping  motor  operated  by  a  cxjnputai'j^^  The  meati  losses 
in  the  wavequlde  are  about  1,0  dB/tn.  Tlw  deteotors  had  NKP  4,6x10  W/Hs  In  hetero¬ 
dyne  operation.  The  actual  antennas  and  the  fused  quarts  windows  of  the  T-15  Tokamak 
wore  used  in  the  testa.  Window  thlokneas  was  1,55  nin,  and  its  dismarter  was  23  mm. 

3.  RE5ULTB  AND  DIQCUB51CN 

Influttioe  of  antennas  at  olllpt.loity  factor  of  the  output  radiation  from  the 
plasma  chamber  was  investigated.  The  losses  between  flanges  of  chamber  are  24  dB  aitd 
elllptlolty  factor  is  -11,1  dB,  wtwn  the  antennas  are  attaohed  to  the  flanges  with 
the  windows  (free  space  Is  1400  rnn).  When  there  are  no  antennas,  Ute  losses  are 
27,1  dB  and  the  elllptlolty  factor  lu  -28,5  dB  (free  space  is  4500  mm).  To  estimate 
i'lfluence  of  tht>  antennas  on  the  rreasurement  results,  polar iaatlon  oharaotarls- 
tios  0  =  f(4>)  (where  0  -  UA^„i„)  were  resed  In  heterodyne  operation.  Polarisation 
oliaraotorlstios  are  presented  '  in  Flg.l  -  noise  level,  curve  1  -  the  antennas 
are  present,  curve  2  -  the  antennas  are  absent). 
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PlaeniEi  Influence  on  probing  beam  la  knom  to  be  alml- 
lar  to  the  acattaring  lena,  Tia  ^^raxlyal  refraotlon  angle 
ia  0,5*  when  A.=196  |im  and  i^=2xl0  an  ,  Polarization  oha- 
rauterlatica  read  modeling  the  refraotlon  by  the  tef¬ 

lon  prlam  are  repreaented  by  the  dotted  line  in  Fig .  1 .  The 
radiation  eli.lptloity  resulted  in  the  appearing  of  sig¬ 
nal  reflected  from  the  analysing  grating  vriien  4^0* ,  vAvLch 
exceeds  tiie  noise  level  of  the  detector.  Thla  resulted  in 
the  nonlinear  dependenoe  of  initial  part  of  the  polariza¬ 
tion  ohuaoteriatio.  The  linear  pat*t  of  the  oharaoteristio 
can  be  used  by  introducing  aonve  Initial  polarization  change 
(about  2* -3*)  and  taking  it  for  the  Initial  readlxMl,  if  the 
radiatiai  has  a  amall  elliptioity.  This  leads,  however,  to 
aane  decreasing  of  S/N  ratio.  Aoceasory  probli-\g  radiation 
polarization  diange  la  observed  by  refraotlai,  which  Inore- 
aaea  whan  tlie  antennas  are  present.  Curve  1'  (with  the  an¬ 
tennas)  and  curve  2'  (witliout  the  antennas)  on  Fig.l  Illus¬ 
trates  this  effect.  __________________ 

Thus  we  u£ui  draw  a  caiclusion,  tliat  it  is  eotpedient  IjlllllHIIIIIIIIIBIIIIIIIIIIH^ 
to  refuse  fruin  aUiiilar  antennas  to  Improve  oharaoteris- 
uf  tlie  liiterferanst<u'-t)olarlineter . 

Tlie  ayst^em  Is  calibrate  in  the  absence  of  the  plas- 
Ilia  by  rotating  the  polar imt ion  grating  and  detecting 
aiiplifier  output  as  a  functiai  of  the  I'otatlai  atvile. 
grat.lng  is  turned  every  300  ms.  The  rotation  step 
0,1)*.  The  (xirreapaidiiig  oaoillcgram  is  thown 
Fig. 2  wtien  there  ar'e  no  antatvtas  and  the  windows  are  pre- 

sent.  It  oan  be  seeii  that  noise  level  was  far  leasHHHHHHHHHHi 
then  t)x»  step,  tl>e  look-  in  amplifier  using.  Its  time  con-  Fig, 2  The  oaLihratlon 

stanl  la  10  iiut.  Due  to  it,  the  polar izatiai  I'eaolution  is 

■  not  worse  than  0,1  when  power  of  laser  is  5  nlW  and  the 

total  length  of  tlg»  measuring  channel  is  about  7000  inn. 

Shnultaneously  with  i>olar'lzatiai  mcasureinants  tiie 
device  measures  tlw  phase  siiift  of  Uxs  probing  radiation 
wiUi  resi>ecb  to  the  reference  channel  radiation.  The 
phase  noise  oscillogx'ain,  when  the  plasma  is  absent,  is 
presented  in  Fig. 3.  It  allows  that^tlie  value  of  the  phase 
noise  total  anplitude  is  about  15*  .^^It  a^responds  to  the 
plasma  eleotronio  density  n^=3,4Kl0  cm  •  Thus,  the  den¬ 
sity  response  threshold  is  0,2X  from  the  etxpeoted  pli^ama 
Fig. 3  The  phase  noise  density.  Ttie  phase  difference  measurement  error  la  ±4  . 

4.  ODNCLUBIONB 

Tlie  results  of  tlie  Investigation  of  the  developed  suhmillimeter  ihterfercme- 
ter -polar Imeter  A,;:.  195  |lm  demaisti'ated  its  efficiency  and  possibility  to  aoliieve  the 
polax'ization  reao}.^tiq[^  not  worse  tlian  0,1*  and  the  density  response 
Uiresliuld  3,4x10  cm  . 

5.  HEIFEKBMCEB 

i.  H.  Soltwiali,  "Current  distribution  measurement  in  a  tokamak  by  FIB  polari- 
rnetty,"  Btiv.  Sci.  Liat^n. ,  Vol.57,  8,  pp.  1939-1944,  1986. 
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Pint  electron  temperature  edge  measurements  on  the 
ASDEX  Upgrade  tokamak  using  a  heterodyne  radiometer 

N.A.  Salmon 

Max-PIanck-Institut  fiir  Plasmaphysik,  EURATOM  Association, 

D-8046  Garching,  Fed.  Rep,  of  Germany 

Abstract 

The  design  of  a  multi-channel  heterodyne  radiometer  used  to  determine  the  electron  temperature  in  the  edge 
ruion  of  the  ASDEX  Upgrade  (AUGj  tokamak  plasma  by  measuring  the  microwave  electron  cyclotron  emission 
(^E)  is  described.  A  novel  feature  or  the  system  is  the  use  of  both  side-bands  of  a  heterodyne  mixer  to  maximise 
the  available  radiation  bandwidth.  Calibration,  flrst  plasma  measurements  and  their  interpretation  are  discussed. 

1.  Instrument  design 

A  heterodyne  radiometer  has  been  designed  speciflcally  to  measure  the  2”*'  harmonic  e-mode  ECE  from  the  low 
field  mid-plane  edge  region  (0.7  <  r/a  <  of  the  AUG  plasma.  The  AUG  project  has  been  designed  to  study  the 
edge  region  of  the  tokamak  plasma  under  conditions  similar  to  those  in  an  envisaged  fusion  reactor A  heterodyne 
radiometer  is  ideal  for  such  a  purpose  as  it  can  provide  continuous  temperature  measurements  with  microsecond  time 
resolution  at  several  different  spatial  locations  with  a  radial  resolution  of  1  to  2  cm^.  This  is  necessary  to  study  fast 
phenomena  and  to  resolve  steep  gradients  which  exist  at  edge  regions  of  the  plasms. 

Cyclotron  radiation  from  the  plasma  is  imaged  onto  the  end  of  a  25  mm  diameter  waveguide  by  a  TPX  lens  of 
27  cm  diameter  and  1.0  m  focal  length.  Directly  in  front  of  the  waveguide  entrance  is  a  wire  grid  (wire  dia,  100  /im 
and  spacing  215  um)  linear  jpolariser  that  selects  the  e-mode.  The  waveguide  is  then  tapered  up  to  the  transmission 
waveguide  sise  of  50  mm.  The  transmission  waveguide  in  which  the  imaging  system  excites  the  linear  polarised  TEn 
mode  is  26  m  long,  has  5  El-plane  bends  and  3  H-plane  bends.  The  commned  waveguide  and  imaging  antenna  system 
has  a  measured  transmission  of  7.0%  (^80  GHz)  to  3.5%  (<&190  GHz)^.  The  measured  spot  size  dia.  is  5  cm  in  the 
centre  of  the  plasma  and  7  cm  at  the  plasma  edge. 

At  the  entrance  of  the  receiver  the  radiation  is  tapered  down  from  50  mm  to  25  mm.  With  AUG  central  magnetic 
fields  ranging  from  1.0  to  3.8  T  the  radiometer  needs  to  be  sensitive  over  the  band  44  to  187  GHz,  To  span  this 
frequency  range  a  system  with  5  mixers  was  chosen.  Selection  of  the  appropriate  mixer  is  made  by  a  series  of  five  pairs 
of  oversized  (2^5  mm  dia.)  waveguide  switches.  Signals  from  each  pair  of  switches  are  tapered  down  to  fundamental 
waveguide  using  optimal  parabolic  tapers  and  then  mode  converted  to  the  TE|o  mode.  At  the  end  of  each  pair  of 
mode  converters  are  two  waveguide  filters;  one  transmitting  only  the  lower  and  the  other  the  upper  side  band  of 
the  mixer  (figure  1).  The  appropriate  filter  is  selected  by  a  rotary  waveguide  switch  located  directly  in  front  of  the 
mixer. 

Signals  from  the  appropriate  mixer  are  directed  into  a  single  IF  section  by  the  use  of  a  5  input  /  1  output  rnulti- 
position  coaxial  switch.  Here  the  signals  are  amplified  and  split  into  several  channels.  A  bwk  of  power  dividers 
and  GaAs  FET  IF  amplifiers  responding  over  the  range  3  to  12.5  GHz  divide  the  IF  section  into  several  channels. 
The  signals  enter  an  array  of  band-pass  niters  with  centre  frequencies  spaced  equally  across  the  IF  bandwidth  before 
entering  the  array  of  Si  Schottky  barrier  detectors.  As  the  radial  gradient  of  the  cyclotron  frequency  in  the  plasma  is 
a  function  of  the  central  magnetic  field,  in  order  to  achieve  a  given  spatial  resolution  two  arrays  of  band-pass  filters 
are  used.  For  measurements  at  lower  magnetic  fields  (<2  T)  an  array  of  32  300  MHz  wide  band-pass  filters  equally 
spaced  across  the  frt'^uency  range  can  be  used.  For  measurements  at  the  higher  magnetic  fields  an  array  of  16  600 
MHz  filters  are  used.  This  enables  15  cm  at  the  plasma  edge  to  be  covered  with  a  radial  resolution  of  1  to  2  cm  at 
all  magnetic  fields. 

Signals  output  from  the  detectors  enter  a  16  channel  video  stage.  A  single  channel  consists  of  a  pre-amp  (of  gain 
X 100;  followed  by  a  low-pass  filter  (with  cut-off  frequency  variable  from  1  kHz  to  150  kHz)  and  a  main  amplifler 
(of  gain  variable  from  unity  to  xlO^).  Signals  output  from  the  main  amplifler  are  transmitted  a  distance  of  50  m 
to  the  data  acquisition  system  by  an  optical  pulse  r  M  transmission  line.  A  CAMAC  data  acquisition  system  with  2 
ADCs  is  used  to  collect  data  with  a  sample  frequency  of  up  to  250  kHz  (per  ADC).  The  instrumental  noise  from  the 
system  is  dominated  by  the  pre-amp  and  corresponds  to  a  minimum  detectable  temperature  variation  of  '->8  eV  in 
a  100  kHz  video  bandwidth.  However,  during  plasma  temperature  measurements  the  dominant  noise  is  due  to  the 
thermal  photon  fluctuations^.  Using  a  100  kHz  video  bandwidth  these  fluctuations  limit  the  signal  to  noise  ratio  to 
55  (for  the  300  MHz  IF  filters)  and  80  (for  the  600  MHz  filters). 

2.  Calibration 

The  system  can  be  calibrated  by  measuring  the  thermal  emission  from  large  area  microwave  absorbers  at  the 
temperature  of  liquid  nitrogen  and  at  room  temperature.  During  calibration  tliese  are  placed  in  the  image  plane 
of  a  dummy  antenna  system.  Alternatively  the  instrument  can  be  calibrated  against  the  calibrated  AUG  ECE 
Miclielson  interferometer  using  the  plasma  as  a  radiation  source^.  These  calibration  methods  are  discussed  more 
fully  in  reference* . 
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3.  Measurements  and  interpretation 

First  measurements  of  the  temperature  at  the  edge  of  the  plasma  have  been  made  on  detached  divertor  plasmas. 
Detached  in  this  case  refers  to  plasmas  in  which  at  least  30  %  of  the  total  power  input  to  the  plasma  is  radiated  in 
the  divertor  region.  Measurements  from  two  channels  of  the  radiometer  during  this  phase  are  shown  in  figure  2.  The 
detachment  of  the  plasma  is  initiated  by  an  increase  in  the  density.  CCD  camera  measurements  in  the  visible  part  of 
the  spectrum  indicate  that  the  plasma  detachment  occurs  between  1.2  and  1.4  s.  During  this  phase  of  the  discharge 
the  temperature  falls.  However,  this  fall  could  partially  be  due  to  the  power  balancing  caused  by  the  rising  density. 
A  significant  observation  is  that  the  temperature  in  the  mid-plane  doe.s  not  fall  rapidly  when  the  plasma  becomes 
detached.  This  is  in  agreement  with  the  classical  heat  flow  (gy  T'®/*VT')  along  the  field  lines  from  the  last  closed 
flux  surface  into  the  divertor. 

Later  in  this  discharge,  after  1.4  s,  the  local  electron  density  rises  above  the  e-mode  cut-off  density  (5.1  x  10'®m®) 
and  the  emission  cannot  propagate  directly  out  of  the  plasma.  In  this  case  the  intensity  of  radiation  is  jgreatly 
reduced  and  no  longer  directly  proportional  to  the  electron  temperature.  The  signals  show  that  when  entering  the 
cut-off  phase  the  level  of  fluctuations  on  the  signals  increases.  It  is  also  observed  that  during  the  cut-off  phase  the 
level  of  fluctuations  on  the  outer  most  channel  (at  the  76  %  flux  surface)  is  very  large  (50  %).  As  it  is  known  that 
very  little  of  the  cyclotron  emission  fluctuations  can  be  attributed  to  temperature  fluctuations  (as  they  are  known 
to  be  small)  it  must  be  concluded  that  the  fluctuations  are  due  to  density  variations  close  to  the  critical  density.  As 
these  measurement  are  local  measurements  in  the  plasma  they  could  be  useful  when  combined  with  data  from  other 
diagnostics,  such  as  density  reflectometry,  in  the  study  of  fluctuations. 

4,  Conclusions  and  further  developments 

A  heterodyne  radiometer  has  been  used  to  measure  the  temperature  in  the  edpe  region  of  the  ASDEX  Upgrade 
plasma.  A  useful  improvement  to  the  system  would  be  to  replace  the  simple  oversized  waveguide  reflection  switches 
with  beam  splitters  and  to  have  two  or  more  IF  channels.  This  would  enable  more  than  one  mixer  to  be  operated 
simultaneously  and  hence  allow  temperature  measurements  to  be  made  in  the  plasma  edge  region  and  the  centre  at 
the  same  time.  When  rapidly  sampling  (<*'10/18)  data  on  all  channels  of  the  radiometer  for  more  than  -ySOO  ms  large 
amounts  of  data  are  generated.  This  situation  may  be  improved  by  using  a  transputer  based  data  acquisition  system 
that  selects  only  useful  data  for  permanent  storage'*.  This  diagnostic  should  also  be  a  useful  instrument  with  which 
to  study  heat  waves  stimulated  by  electron  cyclotron  resonance  heating^. 

A.  References 

[1]  Gruber.  0.,  et  al,  'Physics  Background  of  the  ASDEX  Upgrade  Project’,  Journal  of  Nuclear  Materials,  121,  pp. 
407-414,  (1984). 

2]  Salmon,  N.A.,  Ph.D  Thesis,  University  of  London,  (1990). 

3]  Salmon,  N.A.  'The  ASDEX  Upgrade  ECE  Michelson  Interferometer’,  IPP  Internal  Report,  Garching,  (1993),  to 
be  published. 

[4]  Salmon,  N.A.  and  Eberhagen  A,,  ’First  Electron  Temperature  Profile  and  Electron  Cyclotron  Emission 
Measurements  from  the  ASDEX  UMrade’.  Proc.  19'*  EPS  Conference,  Innsbruck,  June,  (1992). 

5]  Zilker  M.,  Private  communication,  Garching,  (1993). 

6]  Leuterer,  F.,  et  al,  ’A  140  GHz/2  MW  ECRH  System  for  ASDEX  Upgrade’,  Internal  Report,  ASDEX  Upgrade 
ECRH  Group,  Garching  and  IPF-ECRH  Group,  Stuttgart,  January  (1993). 


Figure  2:  Electron  temperatures  measured  during  the  divertor 
detachment  and  e-mode  cut-off  phase. 
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Hot-Electron  Superconducting  Mixers 

E.M.Gershenzon,  G.N.Gol’tsman 
Moscow  State  Pedagogical  University 
1  M.Pirogovskaja  Str.,  119435  Moscow,  Russia 


The  creation  of  low  noise  heterodyne  receivers  for  frequencies  above  1  THz  is  in  the  urgent 
need  for  radio  astronomy,  laser  spectroscopy,  plasma  diagnostic,  etc.  In  this  paper  we  discuss 
the  nonlinear  effect  related  to  hot  electrons  in  superconductors,  and  their  potential  use  in  low 
noise  submilimeter  wave  mixer.  We  also  discuss  results  achieved  so  far  as  well  as  possible  future 
developments. 

Recently  we  have  shown  that  in  thin  (~  lOOA)  and  narrow  (~  lum)  superconducting  8trii)S 
nonlinearities  are  present  near  a  transition  temperature  Tc  due  to  the  hot-electron  effect.  This 
nonlinearity  monitors  itself  both  in  conventional  and  in  high-Te  superconductors  [1,2].  As  radia¬ 
tion  is  absorbed,  the  superconductivity  is  being  suppressed,  and  the  quasiparticle  concentration 
increases  causing  a  chanjje  in  V-I  characteristic.  When  the  current  nowing  through  the  super¬ 
conducting  strip  exceeds  its  critical  value,  the  strip’s  state  becomes  resistive.  The  nature  of  the 
resistive  state  is  attributed  to  varios  physical  meaianisms  such  as  (i)  phase  slip  centers  which 
apper  at  T  «  Te,  (ii)  flow  of  magnetic  flux  vortices  at  T  <  Te,  and  (iii)  heated  normal  condition 
domains. 

An  energy  relaxation  flow  within  the  device  is  illustrated  in  Fig.  1.  A  necessary  condition 
is  that  there  should  be  a  strong  electron-electron  (Coulomb)  interaction  to  rapid  transfer  the 
absorbed  energy  to  all  electrons  (the  typical  time  constant  of  electron-electron  interaction  time 
is  of  order  of  10"*’  -  10"**  s  for  To  T,.  It  is  also  required  that  the  energy  transfer  from 
electrons  to  phonons  is  comparatively  slow  i.e.  the  electron-phonon  interaction  time 
(Ihe  bottleneck  of  the  process).  On  the  other  hand,  the  time  of  the  detection  process  should  be 
short  enough  to  allow  intermediate  frequency  (IF)  up  to  several  GHz,  therefore  it  is  necessary  to 
have  <  10“*°  s. 

The  time  constants  can  be  affected  by  a  propper  choice  of  the  dimensions  of  the  superconduct¬ 
ing  strin.  The  excess  electron  energy  must  first  escape  to  the  phonons  in  the  superconducting  strip 
(the  time  constant  r,/_p;,  is  of  order  of  3  •  10“*°  s  for  Nb,  10"**  s  for  NbN  and  10“*’  s  for  YBCO 
&t  T  To,  and  then  from  the  phonons  in  the  film  to  the  substrate  (time  constant  t„).  So  it  is 
required  that  non-equilibrium  pnonons  should  escape  from  the  film  before  they  could  be  scattered 
by  electrons  (time  constant  Tph-ti)<  The  r««  time  is  affected  by  dimensions  of  the  superconducting 
strip  r„  ~  d  (d  is  the  thickness  of  the  superconducting  film).  In  order  to  avoid  a  reverse  flow 
of  non-equilibrium  phonons  from  the  substrate  to  the  film  a  width  of  the  strip  should  be  smaller 
than  1  ftm. 

Results  of  IF  band  neasurements  at  150  GHz  show  that  IF  bandwidth  for  Nb  mixer  can 
^proach  500  MHz,  while  for  the  NbN  mixer  it  should  yield  10  GHz  and  for  YBaCuO  ci'  100  GHz. 
Conversion  losses  of  Nb  mixer  gotten  experimentally  are  presented  in  [3].  Measurements  show  a 
total  conversion  loss  of  the  receiver  from  7.5  to  11  dn.  Taking  into  account  the  input  mismatch 
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Pig.  1.  Shematic  diagram  showing  various  energy  relaxation  mechanisms 
in  superconducting  hot-electron  devices. 


loss,  one  can  estimate  that  an  intrinsic  loss  of  the  mixing  element  is  about  1  dB.  Since  non- 
equiiibrium  phenomena  in  thin  films  can  cause  a  negative  effective  resistance,  the  positive  conver¬ 
sion  gain  is  also  possible  for  this  mixer.  Up  to  now  the  noise  of  the  hot  electron  mixer  has  not 
been  experimentally  established.  Measurements  indicate  only  that  the  noise  temperature  of  the 
mixer  is  rather  low. 

Since  the  number  of  static  defects  in  ultrathin  films  is  large,  the  momentum  relaxation  time 
if  of  order  of  10"^*  - s,  and  the  film  is  capable  to  absorb  a  power  at  any  radiation  frequency 
from  microwave  to  infrared  waves  where  wr„  =s  1.  Furthermore,  in  such  ”durty”  films  there  is 
no  parasitic  elements  like  intergrain  junction  capacities  or  an  inductance  related  to  the  electron 
inertia,  that  is  greatly  facilitate  the  design  of  submillimeter  wave  mixers. 

The  resistance  of  mixing  element  can  be  adjusted  to  20  -  300  fl  by  choosing  a  length  of  the 
strip;  therefore  the  coupling  with  a  waveguide  or  a  planar  antenna  can  be  casly  done.  For  such  a 
strip  the  optimum  local  oscilator  power  is  of  order  of  10"*  W  for  Nb,  10"*  W  for  NbN  and  10"* 
W  for  YBaCuO.  If  a  large  dynamic  range  is  required,  several  strips  can  be  connected  in  parallel 
in  order  to  get  a  larger  volume  of  mixing  element.  So,  the  hot-electron  mixer  promises  to  be  an 
alternative  device  for  achieving  low  noise  temperatures  in  the  submillimeter  and  the  far-infrared 
ranges. 
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The  IRAM,  Institut  de  Radio  Astronomic  Millimetrique,  interferometer  at  the  Plateau  de  Bure 
has  been  successfully  working  for  a  number  of  years  in  the  80-1 15GHz  band  with  SIS  receivers.  It 
was  decided  to  increase  the  frequency  range  on  the  four  antennas  and  their  efficiencies  by 
simultaneously  covering  the  1.3nun  frequency  band  200-2700Hz  and  the  3inm  band,80-l  150Hz. 

To  do  this  a  different  construction  of  the  receiver  was  required  since  the  size  and  optical 
arrangement  of  the  receiver  cabin  did  not  allow  a  parallel  cryostats  to  be  mounted. 

The  new  receiver  is  based  on  the  Infrared  Laboratories  hybrid  cryostat ,  which  has  an  8  inch  4K 
cold  plate,  and  IS  and  77K  shields  cooled  by  a  CTI 350  refrigerator  and  2  output  ports.  It  was 
decided  to  simplify  the  optics  as  much  as  possible,  but  at  the  same  time  seek  to  reduce  the  hot  optic 
loss  to  a  minimum. 

The  SIS  junctions  are  made  on  a  quartz  substrate ,  which  is  suspended  across  a  reduced  height 
waveguide  of  a  copper  mixer  block,ref  1.  The  waveguide  dimensions  for  the  3mm  mixer  has  also 
been  reduced  in  widA  to  improve  the  mixer  performance  at  1  ISOHz,  which  is  the  important  C012- 
1  astronomical  line.  Both  waveguide  blocks  have  reduced  -height  to  normal  guide  transformers 
fitted  into  the  blocks.  The  junctions  used  are  made  at  IRAM, and  are  made  by  a  trilayer  technique  of 
Nb/Aloxide/Nb  in  an  array  of  two,  with  a  niobium  low  pass  filter  fabricated  at  the  same  time  on  the 
quartz  substrate,  ref  2.  The  1. 3mm  junctions  have  integrated  tuning  in  parallel  to  reduce  the 
junction  capacitance,ref  3,  The  local  oscillator  is  fed  on  to  the  mixers  by  means  of  side  wall 
couplers,  which  are  mounted  directly  on  to  the  mixer  in  the  cold.  The  couplers  have  an  insertion 
loss  of  >0.2dB,  a  coupling  of  18-22  dB  and  an  isolation  >  40dB.  The  LO  enters  into  the  waveguide 
in  both  cases  in  stainless  steel  waveguide  WRIO,  which  is  overmoded  for  the  1.3mm  case.  The 
signal  enters  onto  the  mixer  by  means  of  a  cold  corrugated  horn/  lens  combination.  The  IF  is  at  a 
centre  frequency  of  1.5  GHz  with  a  bandwidth  of  500MHz.  There  are  two  HEMT  amplifiers 
mounted  onto  the  15K  stage  of  the  cryostat. 

The  measured  noise  temperature  of  the  IF  is  about  6K.  The  receiver  noise  temperature,  tested 
using  the  standard  Y-factor  technique  and  using  T(hot)  as  29SK  and  T(oold)  as  77K,  liquid 
nitrogen.  The  IF  bandwidth  for  these  measurements  was  always  500MHz.  The  noise  temperature 
for  the  receivers,  plotted  against  local  oscillator  frequency  can  be  seen  in  figures  1  and  2.  In  the 
3mm  band  between  the  frequencies  of  86GHz  ,SiO,  and  1 150Hz  C012-1,  the  noise  temperature 
DSB  is  of  the  order  of  40-50K,  whilst  the  SSB  noise  temperature  is  about  60K  with  about  lOdB  of 
rejection  of  the  upper  sideband.  T(receiver)  for  the  1  .Bslowly  in  temperature.  The  SSB  results  like 
3mm  case  show  noise  temperatures  about  30%  higher  across  most  of  the  band. 

The  receivers  have  been  automated  so  that  they  can  be  completely  computer  controled  remotely. 
This  has  included  the  use  of  an  A.G.C.  loop  on  the  local  oscillator  power  to  stabalize  the 
fluctuations  and  drifts,  ref  4.  The  normal  phase  lock  loop  is  still  employed. 

The  schedule  for  completion  of  these  systems  will  be  to  have  the  first  system  delivered  on  to 
the  telescope  for  the  end  of  1993,  and  then  have  the  four  antennas  working  simultaneosly  in  the 
1.3mm  and  3mm  bands  by  the  end  of  1994. 
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200  and  270  GHz  SIS  Receivers  Development 
for  Atmospheric  Observation 

S.  Ochiai  and  H.  Masuko 
Communications  Research  Laboratory 
4-2-1  Nukui-Kita,  Koganei,  Tokyo  184  Japan 


Superconducting  mixers  have  been  developed  for  observations  of  atmospheric 
minor  constituents  such  as  CIO  and  ozone  at  Communications  Research  Labo¬ 
ratory.  This  paper  describes  the  work  at  development  of  200  and  270  OHz  SIS 
mixers. 

Nb/AlOx/Nb  junctions  were  fabricated  at  Nobeyama  Radio  Observatory.  The 
base  Nb  layer  200  nm,  the  A1  (AlOx)  insulation  layer,  and  the  counter  Nb  elec¬ 
trode  150  nm  are  sputtered.  The  area  outside  of  a  junction  defined  by  etching 
of  the  counter  electrode  is  insulated  by  anodized  Nb  layer  and  sputtered  Si02. 
After  sputtering  thick  SiOi  layer  on  the  whole  wafer,  a  contact  hole  is  made 
by  etching.  The  thickness  of  the  wiring  Nb  layer  is  500  nm.  The  junctions  are 
formed  on  the  250  ^m  thick  fused  quartz  substrate.  After  the  process  of  the 
junction  fabrication,  the  quartz  substrate  is  shaved  from  the  back  side  until  150 
^m  thickness. 

Each  junction  for  270  GHz  mixer  has  an  area  of  about  1  //m^.  The  normal 
resistance  of  the  six  junctions  series  array  is  around  70  D. 

The  mixer  block  has  a  reduced  waveguide  (1.2  x  0. 1  mm  for  200  GHz  and  0.98 
X  0. 1  mm  for  270  OHz).  The  waveguide  has  two  tuners  in  addition  to  a  fixed 
backshort  cavity.  This  configuration  can  allow  to  realize  the  lower  embedding 
impedance,  and  less  sensitive  to  the  position  of  the  tuners. 

The  SIS  mixers  are  cooled  in  a  closed  cycle  He  refrigerator,  The  LO  is  optically 
injected  through  a  Fabry  Perot  interferometer.  The  5  -  7  GHz  IF  is  fed  to  a 
HEMT  amplifier  cooled  at  15  K. 

We  have  started  a  preliminary  measurement  of  ttie  noise  temperature  of  the  SIS 
receivers,  and  comparing  with  calculated  DSB  receiver  noise  temperature  as¬ 
suming  3-port  model.  We  continue  to  improve  the  performance  of  the  SIS  mix¬ 
ers  now. 

We  intend  that  the  receivers  shall  be  utilized  for  atmospheric  monitor  from  next 
winter. 
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ABSTRACT 

The  I-V  characteristics  of  stocked  Nb/(Al/AIOx/Nb)n  superconducting  tunnel  structures  with  n-3  and  n-6  were  measured 
under  microwave  irradiation  of  45  and  136  Qtiz.  The  classical  responce  of  the  structures  was  observed  over  a  wide  range  of 
input  RP  power  at  43  OHz.  Photon-assisted  steps  in  the  I-V  characteristics  were  observed  at  1 36  QHz.  The  widths  of  the  steps 
correspond  to  the  response  from  only  2  and  4  junctions  in  3-  and  6-barrler  structures,  respectively. 

t.  INTRODUCTION 

A  multilayered  approach  to  SIS  receiver  design  seems  to  improve  the  device  performance  by  increasing  saturation  power 
and  dynamic  range,  by  reducing  the  capacitance,  and  by  eliminating  the  Inductance  problem  associated  with  conventional 
planar  series  arrays  of  SIS  junctions.  So  far,  stocked  arrays  consisting  of  two  junctions  have  been  prepared  and  tested 
Recently,  it  has  been  shown  that  It  is  possible  to  fabricate  vertically  stacked  arrays  Nb/(Al/AIOx/Nb)ni  with  n  up  to  10,  with 

good  homogeneity  of  barriers  throughout  the  stack^.  The  present  contribution  describes  the  preliminary  results  of  the 
microwave  measurements  of  these  structures  in  coi\|unction  with  their  possible  mixer  applications. 

2.  EXPERIMENTAL  PROCEDURE 

We  have  fabricated  Nb/(Al/AIOx/Nb)n  tunnel  structures  with  n^S  and  n^b  by  the  sputtering  deposition  route  described 
elsewhere^.  The  junctions  areas  were  8x8  pm^.  In  the  3-junction  stack,  the  barriers  were  spaced  by  70  nm  Nb  layers,  while  in 
the  6-junctlon  stuck  the  thicknesses  of  the  inner  layers  were  30  nm.  The  bottom  and  uppermost  Nb  layers  in  both  types  of 
structures  had  thicknesses  of  approximately  120  nm.  The  structures  were  inserted  into  a  broad-band  RP  section  weakly  coupled 
with  B  wave  guide  and  exposed  to  RF  radiation  of  vb45  OHz  and  136  OHz.  The  quasiportlcle  I-V  characteristics  corresponding 
to  various  RF  power  levels  were  measured  in  liquid  helium  at  T«4.2  K. 

3.  RESULTS  AND  DISCUSSION 

Measurements  at  va4S  OHz  showed  essentially  classical  responce  from  both  types  of  structuies  with  photon-assisted 
tunneling  steps  slightly  pronounced  only  at  high  applied  microwave  signals.  This  might  be  due  to  the  fact  that  the  onset  of  the 
current  step  at  Vanx2A/e  was  not  sharp  enough  over  the  range  nxhv/e. 

Fig.  1  shows  a  set  of  I-V  characteristics  obtained  from  a  structure  with  nab.  For  this  suucture,  assuming  that  the  particular 
junctions  are  connected  in  series,  the  photon-assisted  steps  should  have  spacing  nxhv/ea3.38  mV,  which  Is  considerably  larger 
than  the  smearing  of  the  nonlinearity  of  the  quaslpartlcle  current  step  at  VBnx2A/e.  In  fact,  we  observed  the  classical  behaviour 
at  weak  input  LO  power  (9  dB  curve),  and  gradual  growth  of  the  1st  photon-assisted  step  at  higher  power  levels.  The  width  of 
the  1st  step  Increased  with  power,  which  is  seen  from  calculated  dl/dV  curves  shown  in  the  inset  of  Pig.l.  At  0  and  1  dB 
attenuation  level,  the  2nd  and  4th  steps  appear.  As  follows  from  dl/dV  curves,  the  voltage  positions  of  the  steps  are  separated  by 
6V-2.3  mV,  which  is  considerably  less  than  the  expected  theoretical  value,  and  corresponds  to  the  response  of  only  4  junctions 
rather  than  6. 

Similar  results  were  obtained  with  0*3  structures.  The  corresponding  I-V  characteristics  are  shown  in  Fig, 2.  In  this  case  the 
width  of  the  phonon-assisted  step  is  6V«1,13  mV  Instead  of  the  expected  value  of  1.70  mV.  We  measured  experimental  values 
of  6V  from  observed  gap  voltages  for  corresponding  I-V  curves.  As  follows  from  the  5V  obtained,  In  the  case  of  nal  only  2 
junctions  from  the  stack  contribute  to  photon-assisted  tunnelling. 

The  main  result  of  our  experiments  which  has  to  be  explained  is -why  nut  all  of  the  junctions  composing  the  stack 
participate  in  photon-assisted  tunnelling.  As  we  can  see  from  Fig.  1,2,  a  considerable  suppression  of  the  energy  gap  in 
superconducting  Nb  films  takes  place  in  our  structures  because  of  heating  and  nonequilibrium  effects.  The  unperturbed  value  of 
the  energ)  gup  in  Nb  films  is  1.35  mV,  so  that  for  a  3-barrior  structure  the  total  gap  voltage  should  be  3x2A/e"8.1  mV,  while  the 
measured  value  at  Tb4.2  K  Is  6.7  mV.  However,  this  value  gives  evidence  that  no  superconducting  layer  becomes  normal  In 
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experimental  conditions.  Our  previous  experiments  with  stacked  tunnel  junctions  showed  that  good  phonon  coupling  exists 
between  the  thin  superconducting  layers  composing  the  stack,  so  that  they  are  driven  homogeneousiy  under  phonon  injection*^. 
Thus,  it  seems  to  be  unlikely  that  heating  and  nonequilibrium  effects  couid  eliminate  exactly  one  junction  in  a  3‘barrier  stack 
(or  2  junctions  in  a  6-barrier  stack)  from  participation  in  photon-assisted  tunnelling. 

A  possible  cause  of  the  observed  behaviour  could  be  the  intrinsic  RF  properties  of  multibarrier  structures.  The  tunnei 
barriers  in  our  structures  arc  spaced  by  Nb  iayers  of  thickness  d<7AL,  where  Xl  is  London  penetration  depth.  Hence,  the 
junctions  composing  the  structure  are  inductively  coupled,  and  this.  In  principle,  could  allow  the  applied  RF  power  to  bo 
transferred  from  one  junction  to  another  resulting  In  its  nonunlform  distribution  across  the  stack.  The  possibility  of  RF  power 
transfer  from  one  stripline  to  another  in  the  system  consisting  of  two  weakly  coupled  striplines  is  shown  in  Ref.  5,  Whether  this 
could  occur  in  the  system  of  weakly  coupled  lumped  elements  is  the  subject  of  further  investigation. 
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Fig.  I ,  I- V  curves  for  the  structure  with  n^b  at  1 36  OHz. 

Curves  from  u  to^  are  for  attenuations  of  LO  power  from  0  Fig.  2. 1-V  curves  for  the  structure  with  0*3  at  1 36  GHz. 

to  S  dB  with  I  dB  Increments,  c  and  d  are  for  7  and  9  dB,  Curves  from  a  iob  are  measured  at  attenuations  of  0,  2, 4, 

and  e  is  unmodulated  characteristic.  The  inset  shows  7, 9,  and  w  dB. 
derivatives  for  the  curves  from  a  to  b. 
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lINTOODUCnON 

The  most  sensitive  heterodyne  receivers  used  for 
millimeter  wave  and  submlllimeter  wave  radioastronomy 
employ  superconductor*insulator*supercondueior  (SIS) 
tunnel  Junctions  as  the  nonlinear  mixing  element.  Good 
performance  hu  recently  been  reported  for  SIS  Junctions 
used  in  planar  mixer  clrculu  and  waveguide  mixers  from 
about  300  GHz  to  300  GHz.  We  have  developed  a 
submlllimeter  wave  SIS  heterodyne  receiver  for  observing 
Important  rotational  transitions  of  molecules  in  the 
interstellar  medium  near  330  GHz  and  630  GHz.  This 
receiver  is  based  on  a  waveguide  mixer  with  an  acdustable 
backahort  and  E«plane  tuner  [1],  The  mixer  uses  a  high 
current  density,  0.23  ttm^  Nb*A10x-Nb  tunnel  Junction 
defined  by  electron  beam  lithography  (2],  The  capacitance 
of  the  Junction  is  compensated  with  an  integrated  RF 
superconductive  microstrip  tuning  circuit.  The  receiver 
performance  has  been  meuured  over  the  frequency  range 
460  GHz  to  640  GHz.  DSB  receiver  noise  temperatures  as 
low  as  200  ±  17  K  at  340  GHz  and  362  ±  33  K  at 
626  GHz  have  been  obtained.  In  addition,  negative 
differential  resistance  has  been  observed  in  the  DC  I>V 


Figure  li  SIS  tunnel  Junction  with  an  inteirsted 
parallel  mioroitrip  tuning  oirouil.  (a)  Top  view  ihowing 
lianimliiion  line  dimoniioni  for  SSO  QHa/630  OHs. 

(b)  Croii  iscUon  view  ihowing  flint  topology 

III.  RECEIVER  DESIGN  AND  MEASUREMENT 
TECHNIQUES 


curve  at  frequencies  around  491  GHz.  These  results  indicate 
that  the  superconductive  Nb  microstrip  transmiulon  linos 
used  in  the  tuning  circuits  are  low>loss  and  perform  well  up 
to  at  least  90%  of  the  superconductor  energy  gap  frequency. 

II.  SIS  JUNCTIONS  WITH  INTEGRATED  TUNING 
CIRCUITS 

The  integrated  RP  tuning  circuit  that  resonates  the 
Junction  capaciunce  Is  a  parallel  microstrip  lino  terminated 
in  a  radial  stub  as  shown  in  Figure  1.  This  circuit  has  been 
designed  for  center  frequencies  near  both  330  and  630  GHz. 
The  radial  stub  is  used  to  provide  an  RF  short  over  a  broad 
bandwidth.  The  stub  dimensions  were  designed  using  an 
effective  dielectric  constant,  which  accounts  for  the 
penetration  of  the  magnetic  field  into  the  superconductor. 
The  short  is  then  transformed  to  an  inducunce  by  an 
appropriate  section  of  microstrip  line  to  compensate  the 
capacitance  of  the  Junction.  These  circuiu  hsve  been 
designed  to  resonate  the  Junction  capacitance  based  on  a 
specific  capacitance  of  63  fP/tim^.  In  addition  a  series 
microstrlp  transformer  circuit  has  been  designed  to  resonate 
Junction  capacitances  ranging  from  60  (F/ttm^  to  100 
fP^^,  and  is  discussed  elsewhere  [3]. 


The  SIS  tunnel  Junction,  integrated  tuning  circuit 
and  low'pass  RP  filter  are  fabricated  on  a  quaru  substrate 
which  is  insuilled  into  the  waveguide  mixer  mount  and  wire 
bonded  to  the  50  n  IF  output  connector.  This  mixer  has  an 
adjustable  backahort  and  E-plane  tuner  [1]  and  the  radiation 
is  coupled  into  the  waveguide  mount  by  a  dual  mode 
conical  hom. 

The  local  oscillator  (LO)  source  conslsu  of  two 
whisker-conuctod  Schottky  varactor  frequency  multipliers 
(x2x3)  14]  driven  by  a  Gunn  oscillator.  The  signal  and  LO 
arc  combined  in  a  folded  Pabry-Peroi  dlplexer  and  ii\|ected 
into  the  cryostat  through  a  differentially-pumped  window. 
An  off-axis  elliptical  mirror  rellects  the  combined  radiation 
into  the  mixer  which  is  installed  on  the  4  K  stage  of  the 
cryostat.  The  1.4  GHz  IF  output  of  the  mixer  is 
transformed  to  the  30  O  input  impedance  of  the  low  noise 
HEMT  amplifier  by  a  microstrip  uansformer.  The 
bandwidth  for  noise  measurements  is  300  MHz.  A 
superconducting  magnet  is  used  to  suppress  unwanted 
Josephson  interference. 

The  toialteceiver  noise  temperature  is  determined  by  the  Y- 
factor  method  using  hot  (293  K)  and  cold  (82  K)  loads.  The 
reference  plane  for  these  measurements  is  the  input  of  the 
diplexer.  The  radiation  power  from  the  loads  has  been 
calculated  using  the  full  Planck  expression. 
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IV.  RESULTS  AND  DISCUSSION 

The  receiver  performance  has  been  measured  over 
an  LO  frequency  range  from  460  OHz  (o  640  OHz.  One 
SIS  junciion  with  no  RF  integrated  tuning  circuit  and  two 
Junctions  with  integrated  circuits  have  been  measured. 
Figure  2  shows  the  DSB  receiver  noise  temperature  as  a 
function  of  the  LO  frequency.  Junction  A  used  a  tuning 
circuit  designed  to  resonate  the  junciion  capacitance  at 
2S0  OHz,  while  the  tuning  circuit  with  Junction  B  has 
been  optimized  for  630  OHz.  For  each  data  point  in  Figure 
2,  the  waveguide  backshon  and  E>plane  tuner,  LO  level, 
and  DC  biu  voltage  were  optimized.  The  best  performance 
at  540  OHz  was  ror  Junction  A  (R|q  ■  63  O)  which  gave 
Tr  >  200  K  (Y-factor  ■  1.78),  The  receiver  performance 
was  very  go(^  with  this  Junciion,  yielding  Tp  £  300  K 
over  the  frequency  range  ttom  463  OHz  to  349  OHz.  The 
only  exception  wu  a  few  polnu  near  490  OHz,  whore  the 
noise  increased  due  to  the  appearance  of  negative  diffcroniial 
resistance  (this  Is  discussed  In  more  detail  below),  Above 
600  OHz  the  noise  temperature  increases  rapidly  with  the 
frequency  because  the  tuning  circuit  does  not  compensate 
completely  the  Junciion  capacitance  in  this  frequency  range. 
The  receiver  performed  well  up  to  633  OHz  with  Junction 
B  (Rn  m  73  fl)  and  gave  a  noise  temperature  of  362  K  at 
626  OHz.  The  noise  temperature  of  this  Junction  increases 
in  the  range  460490  OHz  which  may  due  to  an  undesirable 
resonance  of  the  low-pass  RF  filter  due  to  the  substrate 
being  narrower  than  appropriate  [  1  ]. 

Junction  0  which  has  no  tuning  circuit  has  also 
been  measured  from  460  to  630  OHz.  One  can  clearly  see 
in  Figure  2  that  the  high  capacitance  of  the  SIS  Junction  is 
not  completely  compensated  by  the  mechanical  tuning 
backshoru.  The  DSB  receiver  noise  temperature  Is  830- 
1130  K  from  470  to  330  OHz.  Under  470  and  above 
600  OHz  the  noise  Increases  which  may  be  due  to  the 
limitations  of  the  mixer  mount  range  of  RF  matching 
impedances. 


Fi|iira  2:  Ractiver  noise  temperature  as  a  hinction  of 
the  LO  fraquanoy  for  3  dlfTarent  SIS  junctions. 


A  DC  negative  differential  resistance  has  been 
observed  on  the  1st  photon  step  at  LO  frequencies  of 
487  OHz  and  491  OHz  with  Junciion  A.  This  is  a  quantum 
mechanical  effect  which  is  not  predicted  by  classical  theory. 
When  the  mixer  is  biased  in  iho  negative  resistance  region, 
the  IF  output  power  is  very  high  and  unstable,  probably 
due  to  low  frequency  oscillations.  As  a  result,  the  receiver 
is  unstable  and  noisier  at  these  frequencies.  As  seen  in 
Figure  2,  the  receiver  noise  is  higher  by  1(X)  K  ■  200  K  in 
this  region. 

V.  CONCLUSION 

A  receiver  for  radioasuonomy  applications  in  the 
range  460440  OHz  hu  been  demonstrated.  The  best  reiulu 
are  a  DSB  receiver  temperature  as  low  u  200  K  at  540  OHz 
and  362  K  at  626  OHz.  The  optics  have  been  designed  to 
work  in  the  500-600  OHz  RF  frequency  range. 
Nevertheless,  this  receiver  was  tested  at  lower  and  higher 
frequencies  to  determine  the  behavior  of  the  integrated 
tuning  circuiu.  In  addition,  we  have  begun  measuring  the 
perfoitnunce  of  this  receiver  using  a  series  array  of  two 
junctions  made  by  optical  lithography  techniques  [5].  A 
noise  temperature  Tr  (DSB)  ■  330  K  has  so  far  been 
achieved  at  491  OHz.  This  work  is  in  progress  and  will  be 
reported  later, 
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ABSTRACT 

NbN-based  tunnel  junctions  using  a  thermally  oxidised  Al  layer  as  the  tunnel  barrier  have  been  fabricated  for  390  GHz  and 
900  GHz  testing.  Choke  structures  containing  two  Junctions  in  series  have  been  tested  in  waveguide  mixer  blocks  with  B- 
plane  tuners.  Receiver  noise  temperatures  obtained  have  been  compared  with  equivalent  Nb-baaed  devices, 

1.  INTRODUCTION 

For  many  years  NbN  has  been  seen  us  a  promising  candidate  material  for  the  fabrication  of  superconductor/insulator/ 
superconductor  (SIS)  junctions  for  high  frequency  devices.  For  quasiparticle  mm-wave  mixers  in  particular,  NbN  has  the 
advantages  of  high  energy  gap  (A)  and  operating  temperature,  combined  with  the  high  reliability  and  robustness  of  Nb- 
based  devices.  Niobium  carbo-nitrlde,  of  Imprecise  composition,  but  described  by  the  generic  formula  NbCN  shares  these 
attributes  with  NbN  and  has  a  higher  critical  temperature  (Tc)  and  A  (17K  and  3.1meV  respectively).  Despite  these 
desirable  attributes  a  very  low  noise  NbN-based  mixer  device  has  yet  to  be  fabricated.  Although  this  stems  In  part  fh>m  the 
greater  difficulty,  compared  with  Nb,  of  depositing  the  superconductor  with  high  Tc,  the  main  problem  lies  with  the 
formation  of  a  high  quality  barrier  on  a  NbN  base  layer.  The  short  (3nm)  coherence  length  (0  of  cold-depositod  NbN 
prohibits  the  use  of  an  artificial  tunnel  barrier  fomied  by  the  thermal  oxidation  of  a  metal  overlayer  because  of  the  drastic 
ruductlon  In  the  tunneling  gap  caused  by  the  proximity  of  any  residual  meuil  layer.  Even  using  epitaxial  NbN  and  NbCN, 
which  have  a  generally  higher  of  makes  the  Incorporation  of  a  proximity  barrier  structure  difncull.  The 

alternative  use  of  directly  deposited  barrier  materials  such  as  MgO  Is  generally  even  more  difficult  because  of  the  great 
likelihood  of  barrier  defects.  Work  at  JPL  has  demonstrated  reasonable  quality  NbN  Junctions  with  MgO  barriers^,  and 
these  have  been  tested  as  mixers  al  fi'equenoles  up  to  900GHz.  However,  It  has  been  found  that  the  noise  figures  obtained 
with  these  devices  have  always  been  considerably  higher  than  the  equivalent  all-Nb  device^,  leading  to  the  suggestion  that 
NbN/NbCN  devices  have  Intrinsic  problems  at  high  fVequencles  which  are  independent  «>f  the  quality  of  the  Junction  itself. 

As  port  of  an  ESA  programme  for  THz  mixer  development^  we  have  been  developing  NbN  devices  for  mixer  applications. 
Recently  we  showed  that  high  qualihr  device  structures  of  the  form  NbCN/Al/AIOx/Al/Nb  could  be  fabricated  using  high 
quality  epitaxial  NbCN  base  layers^  Although  such  structures  still  show  a  considerable  reduction  In  the  NbCN  gap  (to 
the  order  of  2moV)  this  still  represents  an  improvement  over  the  equivalent  all-Nb  device  and  provides  a  means  of  assessing 
NbCN  as  a  high  frequency  material.  These  devices  have  been  pumped  at  frequencies  up  to  49(X3Hz  and  in  this  paper  we 
report  preliminary  receiver  noise  temperatures  obtained  at  3900Hz. 

2.  DEVICE  FABRICATION  AND  MEASUREMENT 

NbCN/AI/AIOx/AI/Nb  structures  were  deposited  onto  silica  substrates  In  a  UHV  magnetron  sputter  deposition  system 
without  breaking  vacuum.  The  NbCN  base  electrode,  formed  by  reactive  sputtering,  was  grown  at  a  subsmate  temperature 
of  approximately  820‘C.  The  substrates  were  then  allowed  to  cool  (to  room  temperature,  or  below)  before  depositing  a 
layer  of  pure  Al.  Oxygen  was  Introduced  for  barrier  oxidation,  followed  by  a  pumping  stage  before  deposition  of  a  Nb 
counterelectrode.  Devices  were  processwl  from  these  wafers  using  a  self-aligned  lift-off  process  similar  to  that  described 
elsewhere.^  The  complete  structure  was  first  reactlvely  Ion  etched  using  a  SICI4  plasma  to  define  the  filter  structures, 
contact  pads  and  anodisation  links.  The  second  process  stage  defines  and  insulates  the  Junctions:  a  photoresist  mesa  is 
patterned  to  define  the  Junction  area,  followed  by  a  CF4  barrel  etch,  anodisation  to  - 1 8V  and  r.f.  sputter  deposition  of 
SIO2.  The  Junction  areas  are  exposed  by  the  lift-off  of  the  resist  mesas.  The  metallisation  is  performed  by  a  Nb 
deposition  and  lift-off  process.  The  490GHz  design  also  allowed  the  deposition  of  Fd  contact  pads.  Completed  chips  were 
diced  and  lapped  to  I20|im  x  70pm  x  3mm  and  mounted  in  the  l.f.  channel  of  mixer  blocks  for  the  appropriate  iVequency. 

A  typical  d.c,  current  vs  voltage  curve  for  two  Junctions  in  aeries  is  shown  in  Fig.  1(a).  Whilst  the  sub-gap  leakage  is 
low,  the  gap  edge  is  strongly  curved  above  an  abrupt  change  in  slope  nt  V»Amin(e,  This  form  is  characteristic  of  a  short 
coherence  length  proximity  structure.  In  the  same  figure  are  pumped  curves  showing  the  photon  steps  above  and  below  the 
gap.  Since  these  steps  are  dominated  by  the  discontinuity  al  V»AmJn/e,  the  step  shape  is  also  relatively  sharp.  We  have 
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shown  elsewhere  that  the  tunneling  density  of  stales  in  the  NhCN/Al  electrode  is  BCS  like  but  with  a  reduced  peak  height 
and  a  broader  spread  which  extends  up  to  the  bulk  NbCN  gap  of  3,lmeV,^  The  pumped  curves  have  been  compared  with 
the  Tien-Oordon  model,  showing  that  data  and  theory  agree  very  well.  This  suggests  that  current  theories  for  mixer 
operation  should  be  applicable  to  these  devices,  There  is,  however,  some  evidence  of  heating  at  the  gap  edge  which  is 
likely  to  be  due  to  a  non-cquiliblium  effect,  rather  than  to  direct  thermal  heating.  At  this  time  the  490GHz  receiver  was 
not  set  up  to  make  noi.se  measurements,  and  so  3.50OHz  receiver  noise  temperatures  were  measured  -  see  Fig.  2(a), 
3500Hz  devices  showed  a  strong  series  resistance  due  to  the  absence  of  Pd  contact  puds,  but  this  could  be  electronically 
suppressed.  Receiver  noise  temperatures  were  obtained  between  320  and  3800Hz  with  the  dual  tuner  mixer  block  re-tuned 
at  each  measurement  frequency.  Fig.  2(b)  shows  the  noise  performance  as  a  function  of  frequency. 


4.  DISCUSSION 

These  preliminary  results  indicate  that  high  quality  mixing  should  be  possible  with  NbN  proximity  Junction  structures. 
Although  the  noise  tcmi>oruturo  is  significantly  higher  than  for  the  best  Nb  devices,^  the  values  compare  well  with 
measurements  of  NbN  mixers  at  lower  frequencies,^  and  the  presence  of  a  large  resistance  in  series  with  our  junctions 
undoubtedly  adds  to  the  total  noise  figure.  Wc  have  estimated  that  the  true  mixer  noise  may  be  as  low  as  200K,  although 
this  cannot  be  conflnncd  until  further  measurements  are  made  on  junctions  without  the  contact  resistance. 
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ABSTRACT 

A  ouhsl  optical  SIS  mixer  for  the  frequency  band  400-550  OHc  has  been  designed  and  successlblly  tested 
In  a  laboratoiy  receiver  setup.  The  Intrinsic  SIS  Junction  capacitance  was  tuned  out  by  a  novel  pair  (twin)  SIS 
junction  compensation  circuit.  The  4  pm^  area  Nb-AlOx-Nb  junctions,  with  oR„C  piquet  as  high  as  7.4  at 
600  OHs.  were  patterned  by  optical  lithography  and  integrated  wltli  a  equiangular  spiral  antenna  to  give  broad¬ 
band  SIS  mixer  operation.  The  receiver  demonstrated  flat  response  within  the  tuning  range  of  the  available  LO 
source  (440  •-  520  OHs)  with  DSB  noise  temperatures  below  300  K  over  the  entire  band  and  with  the  best  re¬ 
ceiver  noise  temperature  below  250  K  DSB  at  453  OHs  (measured  at  3.5  K  physical  temperature).  No  mechani¬ 
cal  tuning  was  employed  in  the  SIS  mixer.  These  noise  temperatures  Include  all  losses  and  was  measured  at 
an  IP  center  h^quenoy  of  1,5  OHz. 


1*  Introduction 

Recent  progress  In  high  sensitivity  radiometers  for  spectroscopy,  plasma  diagnostics  and  radio  astronomy  at 
millimeter  and  submlUlmeter  wavelengths  Is  strongly  linked  to  the  development  of  low  noise  superconducting 
tunnel  Junction  (SIS)  mixers.  Receivers  using  SIS  rnmn  demonstrate  the  best  noise  performance  at  millimeter 
and  submlUlmeter  wavelengths.  To  obtain  optimum  mixer  performance  is  It  necessaiy  to  tune  out  the  Intrinsic 
capacitance  of  the  SIS  junctions.  Consequently,  a  variety  of  lumped  and  distributed  circuits  for  single  and  ar¬ 
rayed  SIS  junctions  have  been  developed  to  tune  out  the  juncUon  capacitance  and  to  obtain  broadband  SIS 
mixer  operation.  Here,  we  have  chosen  to  Investigate  a  novel  type  of  tuning  circuit  previously  reported  ln>.  In 
this  particular  design  are  two  Identical  (twin)  SIS  junctions  connected  by  a  mlcrostrip  line  Impedance  converter 
so  that  cotUugated  Impedance  of  the  (Irst  junction  cancel  the  reactance  of  the  second.  The  tuning  circuitry  is 
symmetrical,  meaning  that  the  same  DC  bias,  signal  and  LO  driving  levels  are  avaUable  to  both  junctions, 

2,  818  miser  struoture. 

The  quasl-optical  SIS  mixer  useo  an  equiangular  spiral  antenna  designed  to  cover  250  -  800  OHs.  The 
mixer  chip  was  mounted  onto  the  flat  side  of  an  extended  hyperhemlspherlcal  lens^.  Figure  1  shows  the  twin 
SIS  junction  capacitance  compensation  circuit:  fe.  two  identical  junctions  are  connected  In  parallel  via  ml- 
crostrip  Impedance  conjugator.  This  tuned  structure  Is  then  connected  to  the  antenna  via  a  mlcrostrip 
Impedance  transformer  to  provide  proper  matching  to  the  antenna  Impedance  and  to  obtain  broadband  opera¬ 
tion’.  In  the  modelling  of  the  structure  It  was  assumed  all  superconducting  mlcrostrip  lines  were  lossless  and 
dispersion  fl-ee.  Tliese  aosumptlons  are  judged  by  the  fact  that  all  mlcrostrip  lines  lengths  are  short  and  that 
the  flequency  of  operaUon  Is  still  far  enough  trom  the  Nb-AlOv-Nb  junction  jgap  flequency  (»  730  OHc).  For 
these  particular  junctions  was  the  speclflc  capacitance  estimated  to  04  fF/pm^and,  thus,  the  total  junction  ca¬ 
pacitance  for  a  4  pm’  area  junction  was  -0,38  pP,  The  junction  capacitance  dominates  over  the  quantum  sus- 
ceptance  and  the  latter  was  neglected  In  all  calculations.  Tlie  circuit  was  modelled  assuming  the  following  SIS 
junction  parameters:  R-bSO  (normal  resistance).  A»A  pm’  (junction  area),  R(»e0Cl  (leakage  resistance),  Vo>i2.Q 
mV  (gap  voltage),  3V.«  0.20  mV  (“gap  width").  The  centre  frequency  of  4S0  OHc  for  the  muter  was  chosen  "o  co¬ 
incide  with  the  available  iVequency  band  of  the  LO  source  (440  -  520  OHz). 

A  superconductive  loop  composed  of  the  two  SIS  junctions,  the  base  and  the  counter  electrodes  of  the  ml¬ 
crostrip  Impedance  cor\)i^ator  forms  a  aquld-Ilke  topology  with  optimum  sensitivity  to  a  magnetic  fleld  In  the 
plane  of  the  substrate.  Iherafore,  the  twin  compensation  circuit  together  with  relatively  large  area  SIS  junc¬ 
tions  make  It  easy  to  suppress  Josephson  efTects.  Small  permanent  magnets  were  Integrated  In  the  mixer 
mount  and  a  pair  of  external  superconductive  colls  were  used  for  fine  tuning  of  the  magnetic  Held.  This  ar¬ 
rangement  was  found  quite  adequate  for  complete  suppression  of  the  Josephson  effects. 
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Fig,  1  The  anterma  apex  area  in  magnl- 

Jkatton; 

1-  Spiral  antenna  arm  (metaU 

2-  SIS  Junction,  area  4  patterned  by 

optical  lithography, 

3  -  microstrip  twin  SIS  Junction  compensation 

circuit  ■  impedance  coryugator,  length 
12  pm, 

4  •  microstrip  Impedance  transformer,  length 

56  pm. 


Measurements 

The  LO  elgnal  beam  (BWO  tunable  between  440-520  OHz)  and  the  aignal  beama  were  dlplexed  via  either  a 
2. 6  pm  or  60  pm  thick  Mylar  beamsplitter.  The  thicker  beamsplitter  was  used  towards  the  end  of  LO  tuning 
range  to  Increase  the  pump  power.  The  input  window  (at  room  temperature)  on  the  cryostat  was  covered  by  a 
1  mm  thick  Teflon  vacuum  window  (030  mm)  followed  by  a  0.75  mm  thick  Pluorogold  filter.  The  latter  Is 
mounted  on  the  Inner  radiation  shield  (approximately  at  LHe-temperature).  The  measured  receiver  noise  tem¬ 
peratures  are  shown  In  figure  2. 


Figure  2  Measured,  at  3,5  K,  receiver 
nctse  temperatures  including  gJl  losses  vs,  LO 
frequency!  P)  12.5  pm  and  (M)  50  pm  Mylar 
beamsplitter,  Solid  line:  calculated  power  cou¬ 
pling  normalised  to  measured  receiver  noise 
temperature  at  460  OHz,  The  receiver  noise 
temperature  was  measured  using  conventionol  y- 
factor  technique  295  K,  Tp^y-  80  IQ,  Codling 
the  SIS  mixer  to  3,o  K  dramatKoily  improved  the 
receiver  performance.  The  noise  temperatures 
decreased  approximately  SO  K  when  the  physical 
temperature  was  decreased  Jivm  4,2  K  to  3,5  K„ 


400  450  500  550 

Frequency  [GHz] 

Conclusions 

A  new  approach  to  broad  band  SIS  mixer  operation  using  the  twin  type  tuning  circuit  was  successfully  ap¬ 
plied  to  a  600  OHz  SIS  quasl-optlcal  receiver.  The  SIS  receiver  noise  temperatures  were  below  300  K  DSB  was 
measured  across  the  Investigated  frequency  band  with  the  best  noise  temperature  246  K  DSB  at  453  OHz. 
These  noise  temperatures  Include  all  receiver  were  was  measured  at  an  IF  centre  frequency  of  1.6  OHz.  Good 
agreement  between  the  calculated  and  measured  receiver  performance  was  achieved.  The  particular  twin- 
matching  structure  together  with  relatively  Icu-ge  area  SIS  Junctions  made  easy  to  suppress  Josephson  effects 
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Abstract 

Thin  film  Josephson  junctions  have  been  used  as  harmonic  mixers  to  measure  the  frequency  of 
submillimetre  wavelength  laser  lines.  The  highest  frequency  measured  so  far  is  3.1THz.  The  need  to 
measure  frequencies  in  this  spectral  region  arises  from  the  measurement  standards  requirement  to  relate 
optical  and  near  bptical  frequency  standards,  used  for  frequency  and  length  measurement,  to 
microwave  primary  frequency  standards.  Information  on  submillimetre  wave  frequencies  is  also 
important  to  spectroscopists  and  other  workers  in  what  is  likely  to  be  an  increasingly  exploited  part 
of  the  electromagnetic  spectrum. 


Introduction 

Josephson  junctions  are  particularly  useful  for  frequency  measurement  applications  in  the 
submillimetre  region  of  the  EM  spectrum  because  of  their  ability  to  generate  signiflcant  levels  of  very 
high  order  harmonics  of  signals  applied  to  them.  This  enables  direct  comparisons  to  be  made  between 
laser  lines  and  harmonics  of  microwave  signals  of  accurately  known  frequency. 

The  Josephson  junctions  used  for  the  measurements  reported  here  are  thin  film  niobium  nitride 
devices.  The  high  superconducting  energy  gap  of  NbN,  S.SmeV  compared  to  2.7meV  for  niobium, 
implies  a  potendal  maximum  operating  fr^uency  of  at  least  lOTHz,  as  Nb  point  contact  mixers  have 
been  used  at  upto  4.25THz.  Point  contact  mixers,  although  having  excellent  high  frequency 
performance,  are  fragile,  temperamental  and  cannot  be  thermally  cycled.  In  contrast  NbN  thin  film 
devices  are  mechanically  and  electrically  stable.  The  devices  used  in  these  experiments  have  been 
thermally  cycled  many  times  without  any  changes  occurring  in  their  electrical  characteristics.  This 
paper  describes  the  devices  used,  the  frequency  measurement  experiments  and  methods  used  to 
improve  the  coupling  of  laser  radiation  into  the  Josephson  mixer. 

Experimental 

The  devices  used  were  fabricated  using  the  "whole  wafer"  process  developed  at  ETL,  Japan  [1]. 
NbN/MgO/NbN  trilayers  were  deposited  in  a  single  vacuum  cycle  by  RF  sputtering.  The  trilayers 
were  then  patterned  using  optical  photolithography  and  reactive  ion  etching  to  form  the  tunnel 
junctions.  The  junctions  used  for  the  measurements  reported  here  had  areas  of  4-6iim‘  and  normal  state 
resistances  of  4>-7ri.  The  low  junction  impedance  means  that  incoming  free-space  radiation  will  be 
poorly  coupled  into  the  junction,  thus  reducing  the  efficency  of  the  mixers  described  here  compared 
to  optimised  devices.  Two  techniques  to  improve  coupling  into  the  junction  are  being  investigated,  Arst 
the  fabrication  of  thin  film  antennas  and  matching  structures  on  the  mixer  chip  and  secondly  the  use 
of  external  resonant  opdcal  coupling. 
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The  junction  used  as  the  mixer  was  mounted  in  a  vacuum  insulated  liquid  helium  cryostat.  Cooling 
was  by  conduction  through  the  cryostat’s  cold  plate  and  the  junction  temperature  was  about  7K.  A 
copper  collecting  cone  was  placed  in  front  of  the  junction  to  simplify  optical  alignment  and  to  improve 
coupling  of  radiation  into  the  junction.  A  nmable  backshort,  adjusted  from  outside  the  cryostat,  was 
placed  behind  the  junction  to  optimise  coupling  for  various  laser  wavelengths. 

The  input  signals  to  the  mixer,  consisting  of  the  output  of  an  optically  pumped  far  infrared  laser  and 
the  output  of  a  microwave  synthesiser,  used  as  the  local  oscillator,  were  combined  outside  the  cryostat 
by  a  wire  grid  and  rooftop  mirror  diplexer.  This  combined  signal  then  entered  the  cryostat  through  a 
polyethylene  window.  The  intermediate  frequency  signal  of  lS>50MHz  was  coupled  out  of  the  cryostat 
via  a  matching  transformer  and  stainless  steel  transmission  line.  The  IF  signal  was  amplified  and  fed 
to  a  spectrum  analyser  and  frequency  counter.  Local  oscillator  frequencies  in  the  range  18*40OHz  were 
used  and  the  frequency  of  the  LO  and  the  timebase  of  the  frequency  counter  used  to  measure  the  beat 
frequency  were  locked  to  a  rubidium  frequency  standard. 

Results 

The  frequencies  of  various  laser  lines  have  been  measured.  The  highest  frequency  measured  so  far 
was  of  the  96.S)im  line  in  methanol,  a  frequency  of  S.tTHz.  The  IF  signal  to  noise  ratio  for  this 
measurement  was  only  3-5db  (lOOkHz  bandwidth)  but  at  lower  frequencies,  below  2.STHz,  the  signal 
to  noise  ratio  was  consistently  about  lOdb. 

The  deterioration  in  performance  at  the  highest  frequency  is  probably  due  to  increased  parasitic  losses 
and  poor  coupling  efficency  rather  than  a  fundamental  limitation  in  the  performance  of  NbN  devices. 
Results  of  attempting  to  improve  the  high  frequency  performance,  using  he  techniques  mentioned 
previously,  will  be  presented  at  the  conference. 
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ABSTRACT 

The  intrinsic  high  frequency  limit  for  superconducting  mixers  is  set  by  the  energy  gap,  which  scales 
roughly  as  T,.  The  arrival  of  High  T,  materials  brings  the  possibility  of  raising  this  limit  by  a  substantial 
factor,  perhaps  to  over  30  THz.  This  paper  describes  ongoing  experiments  with  Josephson  junctions 
made  from  YBCO  on  bicrystal  substrates  of  SiTiO)  and  NdOaO,,  exploring  their  high  frequency 
response  and  their  performance  as  high  harmonic  mixers. 

1.  INTRODUCTION 

The  National  Physical  Laboratory  has  a  long<standing  interest  in  high  harmonic  mixers,  which  can 
directly  compare  the  frequency  of  one  narrow  band  source  with  the  harmonic  of  another.  They  are 
necessary  for  frequency  metrology,  relating  measurements  of,  say,  optical  frequencies  with  standard 
frequencies  in  the  microwave  region,  and  for  broader  metrological  uses  where  measurements  of 
frequency  are  necessary  for  precise  measurements  of  length  and  voltage.  Josephson  mixers  (based  on 
superconductors)  have  the  ability  to  operate  with  frvquencles  differing  by  a  factor  of  several  hundred, 
and  have  been  used  for  frequency  metrology  up  to  frequencies  of  about  4  TIlz.  The  intrinsic  high 
frequency  limit  is  determine  by  the  energy  gap  of  the  superconductor  used,  a  parameter  which  is 
approximately  proportional  to  the  critical  temperature  of  the  material.  Superconductors  such  as 
YBa3CU}07  (YBCO),  with  T«  at  92  K,  therefore  offer  a  potentially  much  extendi  range  compared  with 
traditional  superconductors  such  as  niobium  (T,  9  K). 

2.  DEVICE  FABRICATION 

The  short  coherence  length  of  high  temperature  superconductors  makes  it  very  diffrcult  to  fabricate 
a  well  controlled  tunneling  barrier  of  the  kind  used  with  low  temperature  superconductors.  Fortunately, 
a  simple  grain  boundary  can  act  as  a  suitable  barrier,  the  problem  now  being  to  control  the  formation 
of  an  isolated  grain  boundary  in  a  thin  film.  Devices  were  made  using  the  bicrystal  substrate  route*, 
where  the  junction  is  formed  at  a  grain  boundary  created  by  depositing  an  epitaxial  thin  Him  onto  a 
substrate  which  itself  contains  a  single,  well-defined  grain  bounda^.  Bicrystal  substrates  of  both  SrTlOs 
and  Nd0a03  were  made  in-house  from  pieces  of  single  crystal  fus^  with  heat  and  pressure’.  Thin  films 
of  YBCO  were  deposited  by  DC  sputtering  from  a  cylindrical  YBCO  target. 

A  simple  junction  was  defiiied  by  patterning  a  track  200  p.m  by  S  |im  across  the  bicrystal  boundary. 
This  was  achieved  using  photolithography  and  wet  etching  in  dilute  orthophosphoric  acid.  Finally,  four 
contacts  were  attached  to  evaporated  silver  pads. 


3.  RESULTS 


For  a  Josephson  junction  to  act  as  a  mixer  at  a  given  fiequency  it  is  a  prerequisite  that  a  voltage  step 
in  the  current-voltage  characteristic  of  the  device  should  be  seen  when  it  is  illuminated  at  that 
frequency.  The  voltage  and  frequency  are  related  by  the  expression  2eV  «  hv,  or  V  >  2.07  |iV/OKz. 
Before  any  mixing  experiments,  therefore,  it  is  ureful  to  explore  the  junctions’  response  to  microwave 
illumination. 

Preliminary  work  used  SrTiOj  bicrystal  8ubstrates»  although  their  very  high  dielectric  constant  and 
absorption  make  them  unsuitable  for  ultimate  use  in  high  frequency  mixing.  An  early  device’  which  did 
not  show  Josephson  behaviour  at  77  K,  and  had  a  low  IcR^  product  (the  relevant  flgure  of  merit)  at 
4.2  K  of  440  |xV,  nevertheless  showed  voltage  steps  up  to  the  equivalent  of  2.5  THz,  when  illuminated 
with  a  powerful  source  at  11.8  QHz. 

More  recent  work  with  NdOaOs  substrates,  which  have  much  better  dielectric  properties,  has  led  to 
junctions  with  an  IcRn  product  of  470  at  77  K,  rising  to  4.4  mV  at  4.2  K.  Exploration  of  their  high 
frequency  response  is  in  progress  and  will  be  reported  at  the  conference. 
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ABSTRACT 

The  paper  Is  concerned  with  the  methods  of  frequency  measurement  In 
millimeter-  and  submil llmeter-  wave  bands  using  AC  Josephson  effect.  The  main 
results  obtained  for  the  niobium  Josephson  Junctions  and  bridges  mads  of  HTSC, 
have  been  presented. 

1. INTRODUCTION 

The  frequenoymetere  being  manufactured  nowadays  differentiate  one  from 
another  by  Intention,  accuracy,  principle  of  operation,  covered  frequency 
range,  measurement  automation  and  others.  There  are  several  methods  being  used 
for  frequency  measurements  In  millimeter  and  subml llmeter  wave  bands,  The 
measurement  process  In  some  of  them  may  be  automatlcly  controled.  This  may  be 
applied  to  the  following  methods;  filtering:  heterodlnlng  with  an  electronic 
count:  heterodlnlng  with  the  suppl imentary  frequency-swept  ^oscillator  and 
electronic  count  and  some  others.  The  principle  of  operation  of  all  thsue 
methods  bases  on  the  radio  wave  propagation  and  the  spectrum  transfer.  As  a 
result  some  disadvantages  Inherent  to  these  methods  can  be  marked;  operating 
within  the  limited  frequency  range:  necessity  In  relatively  high  Input  signal 
levels  required  for  mixing  process;  a  priory  Information  on  the  frequency 
range  of  the  tested  signal  sourse  .  Some  new  methods  with  the  use  of  surface 
acoustic  wave  devices  have  been  developed  lately.  There  are  some  advantages 
over  the  traditional  methods  of  the  frequency  measurements  when  using  the 
Josephson  Junctions  as  a  measurement  sensor. 

2.  THEORY 

There  is  the  AC  Josephson  effect  which  supposes  existence  of  the 
alternating  suoercurrent  in  any  system  that  consists  of  two  superconductors 

with  weak  link  by  applying  the  voltage  across  the  Junction.  By  the  theory 
of  the  superconductivity  Is  determinated  by  the  equation^; 

I  -1  Bln  (2n(2eU/h)t)  (1) 

B  C 

where  U  Is  the  voltage  across  the  Junction,  2e  Is  the  charge  of  Coop'^r  pair; 

h  Is  the  Plank  constant;  I  Is  the  critical  current.  According  to  E^.d)  the 

c 

frequency  of  the  oscillation  (Josephson  frequency)  Is  directly  proportional  to 
the  voltage  across  the  Junction; 


(jj-2eU/h 


(2) 


When  Irradiating  a  Josephson  Junction  with  an  external  microwave  signal  one 
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can  observe  some  peculiarities  on  lt‘s  current-voltage  curve  (CVC),  the  so- 
called  "Shapiro  steps''^.  Thus,  the  voltage  LU  In  the  region  of  "Shapiro  steps" 
Is  related  to  the  frequency  of  the  signal  Irradiating  the  Junction  by  the 
following  equation 

b)  •a2e  AU/h  (3) 

c 

In  case  of  Irradiating  the  Junction  by  the  monochromatic  microwave  signal 
Its  frequency  can  be  measured  Indirectly  by  measuring  the  value  AU. 

It  la  necessary  to  mark  the  following  advantages  of  using  the  Josephson 
Junctions  for  frequency  measurements: 

-broad  bandwidth:  the  use  of  the  Josephson  Junction  for  frequency  measurements 
In  the  shortest  part  of  RF  wave  band  in  conditioned  by  the  order  of  the  value 
?.e/h.  The  cutoff  frequency  when  using  the  AC  Josephson  effect  Is  determined  by 
the  relaxation  time  of  the  superconductivity  order  parameter  that  corresponds 
to  the  frequency  about  7500  GHzi 

-sensitivity;  the  fundamental  limit  is  determined  by  the  same  parameters  that 
determine  the  sensitivity  of  the  Josephson  detector  which  in  millimeter  and 

•15 

submillimeter  wave  bands  reaches  the  value  of  10  W  /vtiz; 

-plainness  of  the  methodological  approaches:  measured  frequency  of  the 
microwave  signal  is  linearly  equated  with  a  value  of  the  measured  dc  voltage 
at  the  Josephson  Junction  that  gives  a  wide  possibility  for  automation  of  the 
meiijurement  process.  It  should  be  pointed  out  that  because  of  exlstance  of 
such  unique  frequency  properties  of  the  Josephson  Junction  there  is  no 
necessity  of  using  special  heterodyning  in  different  frequency  ranges.  There 
Is  no  need  In  a  priori  information  on  the  approximate  frequency  range  before 
starting  the  measurement  process.  The  frequency  measurements  in  the  broad  band 
may  be  carried  out  having  one  fvinctlonal  microwave  unit. 

3. METHOD 

Several  methodological  approaches  to  the  frequency  measurements  using  the 
AC  Josephson  effect  were  Investigated. 

One  of  the  main  methodological  approaches  to  the  frequency  measurement 
using  the  Josephson  Junctions  lies  In  the  application  of  a  voltage  source  with 
linearly  Increasing  amplitude  as  a  bias,  due  to  the  fact  that  CVC  of 
Irradiated  Junction  has  a  stepwise  form.  At  certain  moments  of  time 

the  output  unit  reglstrates  the  Jumps  of  current  1^^^  (Flg.l)  The  time 

Interval  AT^t.-t,  and  the  step  voltage  U  are  bound  by  the  device  constant 

K"dU/dt.  A  frequency  of  the  microwave  signal  In  this  case  may  be  found  as: 

w  -(2e*K*AT)/h  (4) 

The  second  method  Is  based  on  the  Implementation  of  the  current  source 
with  discretely  linear-increasing  amplitude  of  the  signal  I(t^)  for  biasing 

the  working  point  of  the  Junction  on  CVC  (Fig.  Z).  The  discrete  voltage 
originating  across  the  Junction  UCt^^)  Is  stored  by  the  output  unit  and  at  the 

end  of  every  measurement  cycle  It  Is  compared  with  the  voltage  value 

obtained  In  N-1  cycle: 
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AU-  U(tjj)-U(tjj_j)  (5) 

It  Is  seen  from  Fig. 2  that  at  the  moment  (t^.t^)  the  difference  Is  AU*0.  As 

this  measuring  cycle  corresponds  to  the  "Shapiro  step"  on  CVC  the  frequency  u 
of  the  tested  signal  Is  obtained  as: 

w  -  U(t|^)«2e/  h  (6) 

There  is  also  an  approach  when  two  parallely  connected  (by  bias  circuits) 
Josephson  Junctions  are  used  as  a  measuring  element.  The  linearly  Inoreasing 
amplitude  voltage  source  U(t)  provides  bias  of  their  working  points. One  of  the 
Junctions  is  Irradiated  by  the  comparison  signal  with  a  frequency  u  of  the 

standard  oscillator  to  create  a  grid  of  the  reference  voltages  on  its  CVC. 
The  microwave  signal  for  investigation  its  frequency  irradiates  the  second 
Junction.  The  "Shapiro  steps"  form  marks  on  Its  CVC  (Fig. 3).  The  output  unit 
carries  out  counting  of  the  reference  current  pulses,  corresponding  to  the 
grid  of  reference  voltages,  within  the  time  interval  At  between  the 
mark-pulses  (the  so-called  gate),  the  desired  frequency  can  be  represented  as: 

w  «  N  •  (7) 

8 

4. EXPERIMENTAL  RESULTS 

Basing  on  the  second  method  a  prototype  of  the  frequencymeter  with  the 
following  main  parameters  was  designed: 

-measured  frequency  band:  40  -  500  GHz; 

minimum  input  power  level:  lO'**  W  over  the  whole  band; 

-.Accuracy:  measurement  error  by  order  10**^  relative  units. 

-operating  temperature  range  -  4.2...55K; 

-time  of  one  frequency  measurement:  not  long  than  0.1  s. 
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..MUnmtthfftflgt  tnti  grrtHttnti 

Maruslv  G.A..Gurovlch  V.G.,Zatont  G.A.,Plllnal<y  N.V. 

Aa  mantlonad  In  [1]  ,  ftvquency  meaurament  In  mllllmatar  and  aubrnWImatar 
elactromagnatlc  wava  bands  saams  Is  not  vary  slnipla  ,  bacausa  spaclal 
praelalon  mechanleal  and  quazyoptical  davieaa  neada  for.Moraovar,  that  Is  diffleult 
to  gat  acceptable  and  equal  accurancy  In  firaquancy  maasuramant  for  both 
signals  In  mllllmatar  and  submilllmatar  band  by  this  way.Ona  of  ways  to  tight  this 
dmtcultlaa  Is  designing  of  WIda-band  tiraquancymatar  using  Josaphaon  Junctions 
as  sensor  element. 

In  our  massage  for  Conforanca  wa  should  try  to  dlecuss  the  problems  and 
Ideas  appeared  with  designing  of  superconductive  wide-band  frequencymeter.ln 
accordance  with  that ,  wa  had  determined  and  conalderad  two  .seemed  main  for 
us  .ways  of  frequency  measurement  by  control  of  Its  above  trequeneymeter  was 
designed. 

The  first  way  of  this,  Is  measuring  method  based  on  consideration  of  Volt- 
Ampar  Characteristic  <VAC)  of  Josaphaon  Junctlon.Thls  method  supports  by 
scientific  fact ,  that  on  cooled  Josaphaon  Junction's  VAC ,  special  steps  named  aa 
"Shapiro  Steps",  was  appears  at  once  .as  this  junction  Ifluences  by  high  fraquency 
signal  ,as  that  shown  on  Fig.  1. On  this  figure  Curve  1  presents  VAC  with  high 
frequency  signal  Influence  and  Curve  2  without  Ite.ln  that  case,  determination  of 
signal  frequency  la  very  simple  .You  only  need  to  determine  voltage  U  of 
corresponding  step  and  made  simple  calcuatlons.  Frequency  of  signal  depend  on 
strong  direct  relation  from  this  U,  ea  that  shown  at  expression  [1].K  la  hjndamental 
physical  constant  calculated  from  expression  [2]. 


2eU 
"  h 

m 

II 

[2] 

We  must  notify,  that  this  method  moat  proper  to  use  for  low-temeperature 
Josephton  Junction  patterns,  because  determination  of  above  mentioned  "steps* 
stays  more  difficult  with  Increasing  Junction's  pattern  temperature. Except  this, 
"steps*  shape  depends  on  power  of  li\tluenclng  signal,  that  leads  to  designing  of 
special  devices  for  signal 's  power  controlling. 

The  second  way  of  frequency  measuring  free  of  this  demerits,  because  It 
doesnl  IlnKs  with  "steps"  determination  and  consIderatlon.Thls  method  based  on 
consideration  of  Josaphaon  Junction's  response  which  appears  with  Influencing  of 
modulated  high  frequency  signal  on  It.We  must  notify  ,  that  this  method  works 
good  for  both  lowpower  and  highpower  signals.  Jossphson  Junction's  response  In 
that  case  looks  like  that's  shown  on  Flg.2. 

Method  of  frequency  determination  quite  clear  to  understand  from  this  figure. K 
In  that  case  Is  ftjndamental  physical  constant, as  that  mentioned  above.  Main 
problem  for  this  method  Is  choosing  of  modulation  method  and  Increasing  of 
modulation  frequency  for  Increasing  accurancy  and  rate  of  measuring. 

We  had  designed  hardware  and  software  for  both  method  examination  and 
got  next  results ; 
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-  Metturing  frttqu«ncy  band  ;  30  - 1000  Ohz; 

-  Fraquencymatar  santltMty ;  lOE-7  W; 

Fraquancymatar'a  hardwara  conalatt  of  higb-tanattlva  Joaaphaon'a  aignal’a 
ampitfler  and  spaclal  controllar  baaad  on  Intal  8080  nilcroprocaaaor  which 
parformt  scanning  of  VAC  or  Joaaphson's  raaponsa  and  calculations 
raquhrad.Fraquancymetar's  soflwara  placed  In  mamory  of  special  controllar  and 
su^orts  all  parts  of  masurtng  process.  Except  this,  above  software  allows  to 
connect  fraquencymatar  with  IBM  PC  through  both  serial  or  parallel  comunicatlon 
ports. For  this  purposes  special  software  for  IBM  PC  have  been  designed.  In 
configuration  with  IBM  PC  ,our  frequencymeter  wW  be  worfr  as  powerhiN 
automatic  workplace  for  scientific  researching  of  Josephson  Junction's  properties. 


(1]  DsniiovA.Q.  at  si, 

Fra(|utn(ty  maiuremml  In  mllmdar  and  subrnNImatar  abdramagiMlIa  wava  bands  uilns 
Joaaphian  Junolloni, 

Prograit  In  HTSC  •  vol.2t, 

2  nd  World  Congrais  on  SupareonduelMly,  Hauatan,  Taxas  lO^I)  Saplambar  1M0, 

Editor  CaMn  0.  Burnham,  Publihlon  World  BolanllSo. 
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SlS’inixer  development  at  SRON 

J.  Mees*,  O.  de  Lange*^,  A.  Slcalare*'^,  C.E.  Honlngh•-^  M.M.T.M.  Dierichs*, 

H.  Kulpers*^,  R.A.  Panhuyzen*,  H.  van  de  Stadt*,  Th.  de  Oreauw*,  T.M.  Klapwijk" 

•)  SptM  RMMich  Orgtnlitiian  NaUNrlntdi  (SKON)«  PoMbox  tOO,  9700  AV  Oranin|«i.  The  Netherlmdi 
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Qroninien,  The  Neiherlendi 

c)  Now  at  Jet  IVopuliion  Ltboretoiy,  Celifomle  Iiutltule  of  Techni>lo|y,  CA  91 109,  USA 

d)  Now  el:  Unlvenitll  xu  KOIn,  1,  niyiikallichei  Initinit,  ZOlpkhanir.  77,  SOOO  KAIn  41 ,  Oeminy 

Abstract 

Sinet  sevtral  ytars  and  planar  anunna  SIS-mi*«rsfor  spact  applleaHoiu  art  dtvtloptd  at  SRON  in  ardtr 

of  ESA.  Rtctnt  rtaidts  show  txetlltM  mixir  pirformanet  up  to  frtqutncias  about  tht  suptrconduciint  tap  of  Nb. 
Goal  is  tht  dtvtlopmtnt  of  a  ITHt-mixtr,  Btsi  rtsults  show  a  rtctivtr  noist  itmptraiurt  ofTp^mdOOK  at  720OHt  in 
east  of  tht  wautfuidt  mixir  and  Tptpm200K  at  490QHif6r  tht  doubit  dipolt  pianar  aniinna  mixir,  Wt  will  prtstnt 
tht  status  in  tht  dtvtlopmtnt  ofSlS'Junetions,  inttgrattd  tuning  nitwork,  mixtrs  and  mounts, 

Introduction 

SIS'tunnel  Junctioni  are  highly  senaldve  detection  elements  for  heterodyne  lecelvera  in  the  mm>  and 
submm-range.  They  were  first  used  at  lower  frequencies  only.  Since  then,  the  frequency  range  of  SIS-mixer 
receiver!  could  be  highly  increased  •  up  to  the  superconduc^g  gap  frequency  of  Nb  and  even  above  [1.2], 
This  is  due  to  great  improvements  in  the  precision  engineering  and  to  the  succeisM  development  of  local 
osciliatore  for  higher  frequencies, 

Another  important  issue  •  especially  for  the  quasiopdcal  mixers  •  is  the  development  of  various  sons  of 
integrated  tuning  netvrarics  out  of  superconducting  microstrips.  Ihese  networks  have  the  puipose  to  improve 
the  rf>cQupling  from  the  SlS-Junctlon  to  the  waveguide  or  planar  antenna,  At  SRON  we  have  designed  and 
fabricated  several  kinds  of  integrated  tuning  netwotks  in  different  frequency  regimes.  The  Nb  tunnel  Junctions 
are  fabricated  with  a  Selective  Niobium  Ove^Etch  Process  (SNOEP)  [1],  We  studied  the  frvquency  response 
of  both  types  of  mlxere  by  means  of  a  Fourier  transform  spectrometer  (PTS)  of  the  Mlchelson  type.  Video 
response  could  be  obtained  of  both  types  of  mlxere  up  to  7000Hz  and  above.  Quasipanicle  heterodyne 
response  of  the  waveguide  mixer  was  measured  up  to  8300Hz.  The  quaslparticlo  heterodyne  response  of 
(Uffrrent  types  of  Junctions  was  verified  by  lino  meuurements  with  gas  cells.  These  results  are  so  encouraging 
that  we  belief  that  efficient  mixing  with  SIS-tunnel  junctions  may  be  possible  up  to  2  times  the  gap  frequency 

Planar  Double  Dipole  Antenna  Mixers 

Planar  double  dipole  antennas,  corulstlng  out  of  two 
halfwave  dipoles,  are  well  suited  for  the  construction 
of  sensitive  broad  band  heterodyne  SIS<recelvers. 

The  double  dipole  antennas  are  mounted  in  a 
sandwich  out  of  SIO,  on  the  back  side  of  an 
hypertiemlsperical  lens.  A  reflecting  surface  is  glued 
down  on  the  lens  in  a  distance  of  quaiteriambda 
wavelength  to  the  junction.  This  prevents  losses  on 
the  back  side.  Scaled  model  measurements  show  a 
broadband  response  of  about  1  octave  bandwidth. 

Antenna  measurements  with  integrated 
bismuth-bolometers  yield  low  side  lobes  and  a 
non-astigmadc  beam  [2],  Tlte  frequency  response  of 
the  integrated  tuning  network  was  studied  in  the 
range  of  100-1  lOOOHz  with  a  PTS.  Resonances 
could  be  obtained  up  to  S50OHz.  Lumped  element  circulu  show  a  more  broadband  response  than  than 
open-ended  stubs.  We  measured  a  bandwidth  (3dB-level)  of  about  SOOHz  (10%)  at  LOOOHz.  We  were  able  to 
obtain  sensitive  video  response  up  to  800GHz  even  without  suitable  resonance  circuits.  Previously  published 
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itiulu  [3,4]  with  small  aita  Nb-hmnel  Juncdont  including  simple  tuning  stnictuits  have  shown  sn  excellent 
mixing  perfomance  at  ftaquendes  up  to  300  OHx.  Best  results  give  a  receiver  noise  temperature  of 
TDn"'200K  at  490QHZ.  We  are  currently  Investlgttlng  devices  with  antennas  and  tuning  structures  up  to 
TOOQHz  and  above  made  out  of  Nb  or  gold. 

Waveguide  Mixers 

Waveguide  mi»n  at  SRON  were  flnt 
developed  for  34SOHz,  later  at  SOOQlfz, 
with  one  and  two  tuning  elements, 
described  in  [3].  These  mixers  show  an 
excellent  perfomance  over  the  whole 
ffoquMicy  band  of  the  waveguide.  The 
tuned  baniwldth  of  the  SOOOHa  racelver  is 
43S490QH7.  with  a  receiver  nottie 
temperature  Tn,  below  140K  [6].  At 
460QHZ  the  receiver  noise  temperature, 

Including  losses  of  beamsplitter  windows 
and  HDP'Ieni  has  a  minimum  of  lldK. 

Making  use  of  Integrated  tuning  elements 
the  fixed  tuned  bandwidth  can  be  made 
very  broad.  Therefore  newer  designs  of 
mixerblocks  will  contain  only  a  single 
backshoit  tuner.  This  hu  the  advantage  of 
slmpllfled  fabrication. 

A  s^ed  version  of  this  idea  has  been  realised  in  a  TSOOHx  mixer  block.  Novel  designs  for  U'.e  integrated 
tuning  networie  are  developed  and  will  be  presented.  First  meuuremenu  with  a  PTS  show  broadband  response 
ftxm  about  SOO  to  750QHz.  The  bandwidth  varies  with  the  type  of  network  and  agrees  with  predioilons  from 
iheoietloal  considerations.  Heterodyne  response  could  be  obtained  up  to  830OHb.  Y>faotor  measuremenM 
show  a  double  sideband  receiver  noise  temperature  of  3000K  (ISOOK  corr.)  at  SSOOKz.  This  is  flir  above  of 
the  reiorance  finequenoy  (7200Hz)  of  the  tuning  network.  Beet  noise  temperaturea  were  obtained  at  7200Hz 
with  TgmMOOK  (3dOK  corr.).  Thla  values  include  all  lotsaa  and  am  not  corrected  for  the  beamspllttar  losses. 
The  corrected  values  are  in  brackets.  Heterodyne  experiments  ffom  680OHz  to  7SOOHz  (upper  Pig,)  were 
limited  by  the  frequency  renge  of  the  carcinotron  (and  ilrequency  doubler)  that  wee  uied  as  a  local  oeoUlator. 
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NETWORK  ANALYSIS  OF  THE  DISPERSION  OHARAOTERISTIOS  FOR  THE  GROOVE 

GUroE  WITH  ARBITRARY  OtTBVED  SHAPES  * 


Xu  ShaitJia,  Zhang  Yaojiang 
Department  of  Radio  and  Electronics 
University  of  Science  and  Technology  of  China 
Hefei,  Anhni,  230027,  P.R.Ohina 

ABSTRACT 

The  dispersion  characteristics  of  different  single  and  asymmetrical  double  groove  gnide  with 
arbitrary  groove  shapes  are  analysed  by  a  method  which  combines  staircase  approadmation  with 
microwave  network  method.  Comparing  with  other  method  ,  the  present  method  is  not  only 
accurate  but  also  very  simple.  Therefore,  it  b  particularly  suitable  for  the  CAD  of  the  groove 
guide  circuits.  The  accuracy  and  effectiveness  of  the  method  ate  verified  by  the  experimental  data 
and  the  results  obtained  by  other  methods. 

SUMMARY 

Mode-matching,  conformal  mapping  and  finite  element  method  are  the  main  approaches  to 
study  single  or  double  groove  guides  with  different  shapes!  l]-[4].  However,  the  complexities  in 
analyzing  curved  groove  guide  or  the  relatively  long  calculation  time  restrict  their  extensive  ap¬ 
plications  in  CAD  of  groove  guide  circuits.  A.Oiiner  presented  an  equivalent  transverse  network 
to  analyze  rectangular  groove  guide  and  very  accurate  results  are  obtained|5].  In  thb  paper,  the 
staircase  approximation  is  appled  to  discretize  the  curved  groove  guide  into  multilayer  rectangular 
groove  structures  in  geometry,  the  equivalent  circuit  of  the  step  given  by  A.Oiiner  is  adopted  and 
the  transverse  resonant  technique  b  used  to  analyze  the  dbpenion  characteristics  of  curved  groove 
guide,  Comparing  with  other  method,  present  method  b  simple  but  accurate  in  calculation,  thus 
b  very  sui«»ble  for  CAD  of  groove  guide  circuits. 

Table  1.  gives  the  comparisons  of  cutoff  wavelength  of  different  groove  guides  between  the 
results  calculated  by  finite  element  method  and  those  obtained  by  present  method.  The  agreement 
b  good,  thus  the  effectiveness  of  the  method  b  verified.  Fig.l  gives  the  coupling  characteristics 
of  three  3dB  groove  guide  couplers.  It  shows  that  the  symmetrical  groove  guide  coupler  has 
very  narrow  bandwidth  (curve  (1))  whereas  the  asymmetrical  one  provides  broadband  smooth 
coupling  (curve  (2))[fi].  Curve  (3)  implies  that  with  the  same  groove  width,  groove  depth  and 
plane  separation  ,  asymmetry  made  by  groove  shapes  can  abo  provide  broadband  smooth  coupling 
characteristics.  V-shape  groove  guide  has  been  paid  more  attentions  due  to  its  relatively  lower 
loss  comparing  with  that  of  rectangular  one|4].  Present  method  gives  a  possible  choice  to  design 
the  excitation  structures  of  V-shape  groove  guide  using  the  OdB  V-shape-rectangular  groove  guide 
coupler. 
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Tabl«  1.  The  comparuons  of  cutoff  avelength  of  different  groove  guides  between  the  remits 


calculated  bj 

f  finite  element  method  and  those  obtained  by  network  method 

groove 

>c(»W»»*)'l  <  ( 

1  A,i  -  -^<8  1  _ 

shape 

finite  element  4  A#t 

network  method  A^t 

rectangular 

25.6536 

25.8877 

0.91 

V-shape 

21.7861 

21.6458 

0.64 

parabolic 

22.6241 

22.8764 

1.12 

23.3878 

28.6219 

1.10 

8.0 
7.0  h 
8.0  * 


aJTulTLT.t/\inrL 

Ic  96i]w  8^1  8»t  ic  Sir  I6| 


so  66  80 


86  70  76  80  86  00 

f(QHi) 


Flg.l  OonpUng  characteristics  of  3dB  rectanglar  and  V-shape-rectangnlar  groove  guide 
couplers  (1)  2ai  =  2<is  =  4.0,  26t  =  26|  s  8.8,  2c=:2ws:5.0,  28as8.0,  1=273.0 

(2)  2ai  =  2ass3.5,  26i  =  8.0,  26s  =  10.0,  2c=2w=5.0,  2s=0.1,  L=70.0 

(3)  2ai  =  2as  =  4.0,  26i  s  26|  =  8.0,  2css2w=5.0,  2s=0.1,  L=:70.0  (unit:  mm) 
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Phase  aod  attenuation  coefllcients  in  bi-dielectric  eccentric  circular  transmission  lines 

Li-Yang  Zhang.  Pin  Wang,  Yong-Chang  Jiao,  and  Chang-Hong  Liang 
Dcoartment  of  Electromagnetic  Engineering 
Xidian  University,  Shaanxi  71(1071,  P.  R,  China 

ABSTRACT 

In  this  paper,  an  analysis  of  complex  propagation  coefllcients  in  bi-dielectric  eccentric  transmission  lines  is 
initiated.  It  is  convenient  to  evaluate  attenuation  coefllcients,  as  well  as  phase  coefllcientn,  with  the  formulations, 
especially  when  the  loss  caused  by  material  should  be  taken  into  account. 


1.  INTRODUCTION 

The  cross-sectional  conflguration  of  a  bi* 'dielectric  circular  transmission  line,  e.g.  an  optical  fiber,  is  a  con¬ 
centric  annulus ,  of  which  the  inner  and  outer  circular  rod  are  frequently  considered  to  bo  two  dielectrics  of  dif- 

Ibrent  permittivity.  Although  characteristics  of  propagating  modes  in  it  have  been  made  very  clear  nowadays'** , 
their  variations  with  the  shape  perturbations  caused  in  manufacture  procedure,  to  best  of  the  author's 
knowledge,  are  hardly  known.  Another  Interesting  problem  is  how  to  determine  the  attenuation  coefllcients 
when  the  material  get  a  loss.  In  this  paper,  a  general  model  for  bi-dielectric  circular  transmission  line  is  dealt 
with,  As  shown  in  Fig.l,  the  cross  section  of  the  transmission  line  is  presumed  to  be  an  eccentric  annulus,  of  arbi¬ 
trary  relative  dlmensloni,  containing  different  kinds  of  arbitrary  physical  mediums.  Compared  with  the  analysis 

of  cutoff  wavenumber  for  eccentric  Ooubau  lino  performed  by  J.  A.  Roumeliotis  «<  al* ,  both  phase  ooemoients 
and  attenuation  coefficients  of  the  modes  in  the  structure  are  considered  here. 

2.  FORMULATIONS 


(In) 


In  the  structure  shown  in  Fig.l,  each  propagating  mode  can  be  described  by  multiple  expansions,  i.e. 

cxp(  -  7/1*),  p,  >  af.P,  <  b,  (lb) 

E'Z^ibyiyxpi-JMl  p,>b,  (Ic) 


#•1 


in  which,  p«l(-l)  for  even  (odd)  modes,a|,e|,a*,h|,c|,(/*,fr’and  d'are  unknown  expansion 
coefficients.  The  cylindric  harmonics  are  deflnod  as 

-  Z^^{k]p,)  eos(pO),  stnipO), 

in  which 

zI'(At)-//x).  zJ’(x)-i/”'(jc),  ±ik]-^p\  lm(k\)<0, 

with  the  superscripts  i,  jhnd  k  standing  for  coordinates,  medium  and  the  type  of  the  harmonics.  The  boundary 
conditions  for  the  mode  can  be  written  as 

p,-fl,  (2) 

xE"-?,  xE";  X  xH",  p, -6.  (3) 

However,  in  the  vicinity  of  the  boundaries,  the  field  in  medium  U  may  be  depicted  by  employing  harmonics  in  a 
single  coordinate,  i.e. 

<4) 
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ijw 

*r>r}[»:  ^:]'«^-yw.-+^<p.<», 


(5) 


in  which,#",  and  h“ ,  may  be  determined  by  the 

boundary  conditioni  at  p,  «•  a  or  p,  b.  Subtracting  (4)  or  (5)  f^om  (1),  then  employing  OraTi  addition  theo> 
rem  for  Beiiel  IVinetiont,  we  get  a  let  of  coupled  linear  equationi 


P- 0,1,2...,  (6) 

The  charactcriitic  equation  for  the  complex  propagation  coefllcient  p  may  be  obtained  by  forcing  the 
determinant  of  the  coefllcient  matrix  in  (6)  to  be  zero.  An  attenuation  coelllcient  may  be  specified  in  dB 

a- -20/og(#)/m(/J).  (7) 

Notice,  (8)  gives  4.y  +  2  linearly  independent  equations  for  both  even  and  odd  modes.  Nevertheless,  there 
are  only  4^  +  2  expansion  coefficients  that  need  determining. 

3.CONCLUSION 

A  rigorous  analysis  of  complex  propagation  coefTlcients  in  bi-dielectric  eccentric  transmission  lines  is  given 
in  this  paper. 
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Fig.l  An  eccentric  bi-diclcctric  circular  transmission  line 
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The  Characteristics  of  the  Closed  Circular  Groove  Guido* 


Jun  Qian,  Yang  Hong>Sheng,  and  Lu  Zhong-Zuo 
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ABSTRACT 

The  dispersion  characteristio  is  studied  in  this  paper,  when  the  ciroular*groove  guide  is  closed  at  the  ends  by 
metal  The  theoretical  curves  are  given  with  the  eig«i*weighted  boundary  integral  equation  method. 

INTRODUCTION 

The  circular-groove  guide,  one  kind  of  the  groove  guides,  is  with  low  loss,  bw  dispersion,  simple 
configuration,  large  dimension  and  large  power  capacity,  espccialfy  is  easy  to  transform  horn  gyrotron,  it  has 
prospects  to  ^  used  at  millimeter  and  submillimeter  wavebandi‘i. 

For  manufimturing  components  with  the  circular-groove  guide,  and  transmitting  large  power,  the  closed 
circular-groove  guide  should  be  studied. 

When  the  parallel  plate  regions  are  sufUciently  long,  it  does  not  matter  if  they  remain  open  or  are  closed  off  at 
the  endsi^l.  However,  these  regions  ate  always  finite,  and  we  hope  they  as  small  as  possible.  So  this  is  practical 
problem  for  using  the  circular-groove  guide. 


THEORETICAL  BASIS 

The  cross  section  of  the  groove  guide  is  shown  in  Fig.  1.  Only  a  quarter  is  considered.  Because  the  TE  mode  is 
the  dominant  mode,  we  arc  interested  in  it. 
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This  paper  uses  the  eigen-weighted  boundary  integral  equation  method 
The  toundary  integral  equation  is: 

where  V  is  the  boundary  of  the  cross  section  of  the  groove  guide. 

satisfies  the  Helmholtz  Equation  and  the  tegular  practical  or  fictitious  (dashed  line)  boundary  conditions. 


RESULTS 

Some  numerical  results  are  obtained  with  EWDIEM.  In  Fig.  2  (a),  the  values  of  M  are  shown  when  d/a-J.t? 
and  dlv"J.O.  When  b/a  is  near  to  0,  h«a  is  near  to  1.841  (the  value  of  the  circular  waveguide),  and  when  b/a  is 
near  to  1.0,  k«a  is  near  to  n/2  (the  value  of  the  rectangular  waveguide).  For  small  b/a,  k«a  approaches  J.S41, 
when  d/a*/.0  (the  closed  plates  are  near  to  the  groove). 


Fig.  2  Tht  muff  wavtmmhtra  ke 

In  Fig.  2  (b),  we  can  find  that  kca  approaches  the  value  of  the  open  circular-groove  guide  (/.P/Z^^i)  when 
d/a>2.(7.  If  we  put  absorbed  material  inside  of  the  closed  plates,  when  d/a  is  greater  than  2,0,  we  can  say  the 
closed  circular-groove  guide  is  similar  to  the  open  one. 
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THE  HIGHER-ORDER  MODES  IN  CIRCULAR  GROOVE  GUIDE<I) 
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National  Key  Laboratory  of  Millimeter  Waves, 

Southeast  University,  Nanjing,  210018 
P.  R.  China 

ABSTRACT 

In  this  paper,  the  higher-order  modes,  including  TB  mode  and  TM  mode,  are  discussed.  By 
analysing  the  fleld  configurations  of  these  modes,  the  characteristic  equations  have  been  derived. 

INTRODUCTION 

Circular  groove  guide  is  a  new  type  of  groove 
guide  we  presented  in  1989.  Its  structure  is  shown 
in  Fig.(l).  Up  to  present,  our  discussions  about  dr* 
cular  groove  guide  are  restricted  to  lowest  mode. 

This  is  dominant  mode  and  is  of  most  important. 

In  circular  groove  guide,  there  are  two  types  of 
modes,  i.e.,  TE  mode  and  TM  mode.  In  order  to 
find  out  the  condition  of  single  mode  operation  in 
droular  groove  guide,  the  mode  distribution  must 
be  understood.  In  this  paper,  the  fleld  configura* 
tions  of  TE  mode  and  TM  mode  of  different  order 
are  discussed  and  the  general  expressions  of  char¬ 
acteristic  equations  for  these  two  types  of  modes 
are  derived. 

THEORETICAL  ANALYSIS 

To  distinguish  different  modes,  we  use  symbols  TEpn  and  TMp^  to  represent  TB  mode  and 
TM  mode  of  different  order,  where  p,  r,  n  are  integers.  Superscript  r  is  the  order  of  mode  in  y  di¬ 
rection  in  parallel  plate  region,  and  subscripts  p  and  n  represent  the  order  of  azimuthal  mode  and 
radial  mode  respectively  in  circular  groove  region.  These  modes  are  divided  into  odd  mode  and 
even  mode  farther  depending  on  whether  p  is  odd  or  even.  Among  these  modes,  TE{|  mode  is  the 
dominant  mode  in  circular  groove  guide  while  the  modes  corresponding  to  p>  1,  n>  1  or  r>  1  are 
all  higher-order  modes.  Because  the  fleld  configuration  as  well  as  the  boundary  condition  of  TE 
mode  and  TM  mode  are  different,  we  will  discuss  them  separately. 

OThe  Project  Supported  by  Nitlonal  Netural  Sdenoo  Founoatlon  ofP.R.Chlna 


X 


Flg.(l)  The  simctura  of  ciicnbir  groove  gnMc 
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1.  TBmode 

After  proper  mathematicsal  derivation,  the  oharacteristio  equation  of  TB^  mode  can  be  ob¬ 
tained.  It  reads 

uJ\{u)  %aA ,  ip,r)[rMA ^ (p,r) -  yir)A , (/>,r)] 

/^(u)  “  nc 

where  Vir)  m  k^a,  ^  the  other  parameters  are  deflned  as 

A ,  (p,r) »  J**  8inpasin(rAr8ino()cosadai  A  ^(p,r)  ■>  |*‘  cos(rjlf sina)sinpa8inada 

2.  TM  mode 

Let;  E ,  {p,r)  J**  cos(rJhf8intt)oospada 

j  (r ,  ,r 2 } »  J*'  sin(f ,  Arsina)oos(r ^ ii/sltttt)sinK008ade( 

^  j  C'*  p^2 )  "*  i  I*  1  Af  sin«)co8(r  2  Af  sina)oo8’«da 

E^(p,r)  ">  oos(ritf8ina)co8paoo8ada 

Then,  we  can  derive  the  oharacteristio  equation  of  TM^  mode. 
uJ\(u)  it[rME^(r,r)+V(r)E^(r,r)] 

J^(m)  4E^(p,r)E,(p,r) 

The  relationship  of  u  with  V(r)  is  given  by  following  expression. 
r*(r) 


(2) 

(3) 


DISCUSSION 

We  have  derived  the  general  expresvions  of  characteristic  equations  for  TEp^  mode  and 
TMpg  mode.  From  the  n-order  solution  of  these  equations,  the  cutoff  wavenumbers  of  TBp^  and 
TMpn  modes  can  be  gotten  when  deflnite  p  and  r  ere  taken. 

If  we  take  p»rx  1,  the  equation  (1)  is  tlie  characteristic  equation  of  TE|„  mode  which  we 
have  discussed  and  solved.  From  the  lowest-order  solution  of  the  equation,  the  cutoff  wavenumb¬ 
er  of  dominant  mode  in  circular  groove  guide  is  known. 

Besides,  it  can  be  proved  that  when  the  plate  spacing  2o  trends  to  zero,  the  equations  (1)  and 
(2)  degenerate  to  those  for  TEp^  mode  and  TMp„  mode  in  circular  waveguide  separately.  There¬ 
fore,  circular  waveguide  can  be  regarded  as  the  limit  situation  of  circular  groove  guide. 

Our  work  presented  above  provides  us  the  possibility  to  study  the  characteristic  of 
higher-order  mode  in  circular  groove  guide  further. 
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A  Transition  firom  rectangular  waveguide  to  circular  groove  guide* 

Yang  Hoog>Sheng,  Shen  Zbrag-Kun,  Xu  Zheog-Rong 
Department  of  Electronic  Engineering 
National  Key  Laboratory  of  Millimeter  Waves 
Southeast  Univenity, Nailing, 2 1001  S^’.R.China 

ABariAcr 

A.  triaiitk«  bctwow  raotiigular  wivagukde  and  oircultf  iroeva  fuids  U  SsMtMd  11m  ooapoitc  traaii^ 
uotioiia  n  b  tbioretioilly  deibpicd  to  provide  both  node  iBitolig  M  w«B  u  lew  idkotke  oocOeiwa.  Ths  perfbnaii^ 
tiaiMitiooliplottvd. 


a.INTIIODi;C1lON 

Cifculir  groove  ydde  lie  new  type  of  adinmefiMndiiaiMnmet  waveguide.  It  oen  openie  m  a  Iow4mi,  kw^giipenioa^ 
liBgltHDode,  wide  ftwpieooy  beoil,  large  diaiMMion  and  Ugh  poww  tnmaiHioo  waveguide' •^Jleoeally  llwe  ia  no  waveguide 
Bwawnmiat  lyneai  and  abo  no  eouroe  heaed  00  oireular  groiwe  guide.  Tlaueilbre  a  traaedueer  fron  reotaagidBr  waveguide  to 
cheulargnMwe  guide  is  aeadedc  . 

TIds  paper  deacribee  a  new  type  of  tranaduoar  ftoin  TBoi  maia  mode  to  Hii  mahi  mode.  TheontiDal  analyiii  and  design 
metboda  of  the  tramduoar  are  gtveo. 


».TlIE01tETlCAL  ANALYflS 

Two  itepa  of  tranahioa  are  pcopoaed  by  «ahon.  Tba  frit  pert  tnarfbmi  the  TESI  main  mode  ofreotaagular  waveguide  into 
TEfi  mahimode  ofohcailar waveguide.  Anelyiia end deiignmetbotUfbr this Idnd of traniduow an devefoipetUiyievend other 
aulhon.  Extaal  tramduoar  Is  oooimeaiitty  availiMs.  The  aeoood  pert  treiufimm  the  TB*  mode  Into  1111  meio  mode  of 
oircuiar  groove  guide  ••  shown  in  Fig.  i.  Thoretoiewepiy  moieetteBiiontotheieooodpirtoifthetraaiduMf. 

We  SIMM  thit  tbs  tfinaduoar  is  primarily  moMed  by  only  main  mode,  end  tfait  h  hee  e  muoh  bite  aaplinde  thui  al  other 
niodea.  We  can  derive  a  nooHoear  diftraoliil  etpietioo  b  nflaotioo  ooeO^. 

^-2y/r+i<i-r*)^i!2(2:«o  O) 

ax  2  ax 

where  Z  and  p  an  the  ohsnoleriatio  ittpedenwi  end  the  propegaiicn  oooabnt  of  the  gnduaBy  viiying  oirootar  groove  guide. 
Thiy  en  eapnaead  aa  fbOowa 


2 

fife 

[rfl/  *r 

L  J 

L  L 

(2) 


For|r‘|«l  .eaolutionofthadifflBWirtalequBtioo(l)b  given  by 
r-  < 

2J0  fix 

whaie  L  b  tbe  tangtb  of  the  aaoomd  part  of  tbe  tnnaduocr. 

The  r  (oen  be  repreiaated  by 


*  Tbe  Proieot  Supported  by  Netioael  NatunI  Sdeooe  Foundatioa  ofPJL  China. 
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^2  Z. 


Wkn  the  ihquMoy  btad  tad  the  mapiitude  of  the  nflectk»  oodBcMOk  are  ipeoified,  tiM  daaeonow  of  tht  traoaduotr  can  ke 
found  on  comiiuter. 

4.DE8ION  OF  TRAMSDUCBB 

SuppoM  that  the  flpe(|iiMGy  bend  U  l&i  bend  end  the  nlMoo  ooeOekal  attte  input  oftfaaiaeood  part  ia  leu  than  0.1, ih« 
thraapfayiioaldinieniioiiiofthetfaaaduoer,  diaiMter2a,ipaoiqg2oandtlN  lanilhLwilba  datamiiiad.  Aaoofdiai  lo  the 
deiiin  oMthod  of  eireular  groove  gidde^,  the  erou  uetioo  rtu  of  the  tnaadiMer  at  output  w«  oakulided  to  be  of  hiida 
diaawter  I4.9mn  and  qwolDg  O.OSSmm.  For  eau  of  naohiaini  and  acononoF  haaaily  tapend  tranidooer  h  adopted  mldeh  it 
(ihown  In  Fig.1.  Aeoording  to  the  oakuladon,  whan  L»131.d)an,tfae  reOeotlon  ooaflktHt  r  ia  leu  than  O.I.Tba  mult  of 
oakuhtkM  ara  ihown  in  Flg.2. 


Fig.  I  TBo"i 


I  tranaduoer 


c  /2  /4  /s*  u  n  /d 


Flg.2  ReflactlooooelBoientvenittftfqp^ 


.  SDMCUMION 

The  dailga  of  tnuuduoar  ftuu  TE^i  to  TE||  nay  have  anvatal  mathoda.  The  tugr  deaoribad  hue  ia  one  of  thou  nrtbodt, 
which huobvlouaphyiicalidu  and  eau  of  manhiiiiBg  Anearoptinum  dealgn  method  ihouM  be  developed  Iron  whMi  the 
length  L*  la  atiil  leu  than  L,  and  the  aame  parfonnanou  are  kept  u  baftve.  But  the  ooutour  ofthetianiduonr  linoidhNaily 
tapered  along  the  diatanoe  X.  ItUobviouathatthedIflIoiihluofnaiddidng  ateinoraaud. 

«.1UEFBIIKNCBS 

I  .Yang  Hong-Sheng,  Ma  Jiing'Lai.  Lu  Zhong-Zuo,  "A  new  type  of  groove  guide”  Pioeeedtaga  of  ISIlAMrt9.pp.239>240 

2.Yang  Hong-Sbeng,  Ma  Ji«^<Lai,  Lu  Zho^-Zuo,  "The  ohuaolerirtie  equadon  and  aohitioa  of  oheulu  groove  guide*  tat. 
Jotnnl  of  Infrared  and  MMIhnetu  Wivea,Vol.l2.No.5.pp.33S341.1991 
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an  analysis  of  a  kind  of  dielectric  waveguide 


Hong  WUi  Jun  Qian 

Department  of  Electronic  Engineering 
Southeast  University,  Nanjing,  210010, 
P.R.  China 


ABSTRACT 


A  general  programme,  based  on  the  Effective 
Dielectric  Constant  method  combined  with  the 
transverse  resonanoe  technique,  is  presented 
here  for  analysing  dielectric  waveguides. 
Dispersion  curves  are  also  presentsd  for  a  kind 
of  waveguide  with  new  configuration. 
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Traiieltioiis  for  the  Quasl-Optlcal  Waveguides 

V.  K.  KL'jelyev,  T.  M.  Kuuhta 

Insi.itutR  ijt*  Iladiopliyslcs  and  Electronloo 
Ai.'adtt'iny  of  Sclenoea  of  Uki'alne 
12  Acad.  I’ro.'.-ikm'a  str.,  Kliarkov,  Ulu'alrie 

Aba  trad, 


Ths  aitri  of  l;hia  woi'k  la  to  reclevf^  expi'eaalona,  required  for 
desl(^ri  of  transitions  between  quasi -optical  waveguides  of  the 
class  of  "hollow  dielectric  charmer’  (l)0--wavegulde) ,  in 
particular,  between  ltO-w.'v;p/>:'.ildea  of  name  type,  having  different 
olaes  of  (?.  rose -seir,  Ion.  rar'amettu*  oliaracj  ter  Icing  type  of 

boundary  of  hO-wavegi-ihipB,  1.3  IntiNMlucetl  to  receive  mentioned 
formulae.  Proposed  way  allows  to  reel  eve  In  analytical  form  the 
expressions  for  relative  funplitudes  of  unw&uited  waves,  arising  in 
the  result  of  acatterlng  of  fiuidameiital  mode  by  finite  waveguide 
part  of  vjarled  section,  bein/2,’  used  as  quasi-op t leal  transition, 
neoelved  formulae  allow  to  calculate  transitions  with  different 
forms  and  to  study  the  possibility  of  optlmlnatlon  of  tranuitions 
by  miriiinuin  of  the  losses  at  tiie  ti'ans  format  ion  of  fundamental 
mode  Into  unwanted  ones.  Ulrcular  and  rectfuifailar  tapered 
transit lono  wltii  dirforoiit;  type  of  boLUiclary  st.ri.icti.u*es  are 
oorisidered  as  speclflt.!  examples. 
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Frequenc/-d0pendent  characteristics  of  thick  microstrip  lines  In  lossy  multilayered  dielectric  media 

J.  R.  Souza 

Center  for  Telecommunication  Studies  -  CETUC 
Pontifical  Catholic  University  of  Rio  de  Janeiro  -  PUC/Rlo 
Rua  Marques  de  Sfio  Vicente,  225 
22453  Rio  de  Janeiro  -  RJ,  Brazil 


ABSTRACT 

The  Spectral  Domain  Approach  (SOA)  Is  used  for  a  rigorous  full-wave  analysis  of  thick  microstrIp  lines 
embedded  In  lossy  multilayered  dielectric  media.  The  effects  of  the  conductor  thickness  on  the  propagation 
constant  and  characteristic  Impedance  are  Investigated. 

1.  INTRODUCTION 

MicrostrIp  lines  In  multilayered  dielectrics  are  of  Interest  for  monolithic  microwave  and  millimetre  wave  integrated 
circuits.  The  design  of  such  circuits  requires  cocurate  modelling  of  the  transmission  line  characteristics,  which 
should  Include  effects  of  the  strip  thickness  and  materiel  losses.  The  SDA  solution  developed  for  microstrIp  lines 
In  multilayered  substrate  configuration*  Is  now  extended  to  accommodate  strips  of  finite  thickness. 

2.  FORMULATION 

Ttie  microstrIp  line  to  be  considered  la  shown  In  Pig.  1.  The  lossy 
cileleotrlc  layers  of  the  substrate  are  represented  by  the  relative  dielectric 
constant  (e,)  and  conductivity  (o).  The  shielding  and  the  stiip  ere 
assumed  to  be  loss  free.  .The  hybrid  field  Is  described  by  a  superposition 
of  TEw  and  TMy  modes,  which  are  represented  by  vector  potentials  y*' 
and  y  ,  respectively: 

y”'*  iy  (pK-'tx,  y) '  exp(-jpz)  (1) 

In  the  substrate  layers  and  In  the  air-layer  above  the  strip,  all  the 
potentials  and  field  components  ere  Fourier  transformed  In  the 
x-directlon.  As  shielded  microstrIp  lines  are  considered,  a  discrete  Fourier 
Transform  is  used.  The  transform  and  Its  Inverse  are  define,  respectively  pig,  ^ ;  fhicK  microstrIp  line  on  lossy, 
es:  multilayered  dielectric  substrate. 

ip(an,y)«J  (p(x,y)'el“'’''dx,  (ptx.y)*  J;  Z  V(o(n,y)e'*“''  (2) 


I  ZWj 

1 

rr 

where  the  parameter  Is  chosen  so  that  the  boundary  conditions  at  the  side  walls  are  satisfied.  For  the 
fundamental  mode,  an » (2n  ±  1)/2a , 

Next,  the  formtilatlon  developed  in  reference  1  Is  used  to  obtain  a  relation  between  the  Fourier  Transform  of  the 
x-and components  of  the  magnetic  and  electric  fields  at  y'-y„’  ond  c*  y»yN+t*,  where  yN«h,+hy+.,.+hN. 

In  the  elr-layer  besides  the  thick  strip  (yN<y<yN'*'t).  the  vector  potar'.tlals  are  written  as: 

y"'*  (X,  y.  z)  -Sy  £  (Pk'*  (y)expHpz:»  (3) 

R«0 

Ah,« 

where  2g<>>a-W,  and  (p,,  (y)  are  sine  and  cosine  transforms  given,  for  x>0,  by; 
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<pI(y)“J‘P*(x.y)sln[^k(a-x)]dx  ,  (pl|(y)»J  tp'’(x.y)cos(^i,(a-x)]dx  ,  ^i,»k7i/28.  (4) 

w  w 

For  x<0,  the  transforms  are  deduced  by  symmetry.  The  potentials  are  than  written  In  terms  of  the  transformed 
X-  end  z-  components  of  the  electric  field  at  y^y^^  and  at  y*‘yN'^t'.  A  relation  between  the  transformed  x-  end  z- 
components  ot  the  magnetic  and  electric  fields  at  and  at  y°yH-^t’  Is  then  obtained.  At  this  point,  all  the 
boundary  conditions  have  been  enforced,  with  the  exception  of  those  at  y^y^  and  at  y^y^^t. 


Let  Eup,  Hup,  E,.p,  H^p  represent  the  p-component  (p"X.  z)  of  the  electric  and  magnetic  field  at  y'‘yN'*-t  and  at  y^y^, 
respectively.  For  W<x<a  the  boundary  conditions  require  that; 

Ef,p(x)««EDp(x)  ,  Hlip(x)  -  HDpfX)  ,  Etp(X)»*E[p(x)  ,  Htp(x)  -  H^pfx)  (p-x,z)  (5) 


The  electric  field  components  Egp,  E^p  are  expanded  In  terms  of  suitable  basis  functions,  and  their  continuity 
along  the  apertures  at  yxy^  and  at  y«yN-^t  Is  automatically  satisfied.  Let,  then; 

Mb  Mp 

EU|>(X)  "i  Apqfqp(X)  ,  Elp(X)  Bpqfqp(X)  (p^X,  Z)  (6) 

qal  qa1 

Where  Ap,  and  Bp,  are  still  unknown  coefficients;  the  set  fpp(x)  represents  the  chosen  basis  functions.  Next,  the 
equations  for  the  continuity  of  the  magnetic  field  comport snts  are  modified  as,  for  example; 

H1p(x)-Huk(x)  =»  |Hip(x)fip(x)dx-  |H0«fx)f;,(x)dx  f„  (7) 


As  the  transformed  magnetic  field  components  were  written  In  terms  ot  the  transformed  electric  field 
components,  a  homogeneous  system  of  equations  It  obtained.  In  terms  of  the  unknown  propagation  constant  p 

and  expansion  coefficients  Ap,  and  Bp, , 

•suMm  Th0  yjual  steps  of  the  SDA  are 
followed,  and  the  unknown  parameters 
are  determined.  A  three>layer  structure 
was  used  to  test  the  solution,  with  the 
following  data;  2W»30|.im,  2B"6mm, 
h,"h,-6mm,  h,“20pm,  hj"200nm. 


3.20 

3.10 

^.00 

<^.so 


.70 

2.60 

2.80 


3.0^ 

S.OMm 


l.f.trt.f.S.tr.is?-*  2W-30Mm 

*  «  »  - 1  '  I  '  * •* 

. .  (2) 

Fig.  2:  Squirt  root  of  Ihi  iffiollvn  qioliolrlo 
oonilint  venui  triquinoy. 


e„«1,  o,"0,  en»1,  O2"1.77x10'moh/m, 
£^■12.9,  tgfi,  ■  3.0x10'\  where  tg6 
represents  the  loss  tangent.  This 
structure  simulates  the  single  layer 
mIcrostrIp  with  lossy  ground  plane 
considered  In  reference  2.  Fig.  2  shows 
of  the  effective  dielectric  constant  as  a 


Fig.  3:  RmI  pm  of  tho  ohnriotirlillo 
Imptdinoi  vinui  friquinoy. 


the  variation  of  the  square  root 
function  of  frequency,  for  different  values  of  the  strip  thickness  t. 
calculated  according  to  tho  voltage  <  transmitted  power  definition. 


The  characteristic  Impedance  (Z,)  was 
The  power  Is  calculated  as  Indicated  In 


reference  1.  The  variation  of  the  real  part  of  Z,  with  frequency  Is  shown  in  Fig.  3.  It  was  observed  that  these 
values  are.  In  average,  less  than  2U  greater  then  those  reported  In  reference  2  for  the  voltage-ourrent  definition. 
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Rejection  filter 

S.A.Pogarslcy,  I.I.Sapzvkln 
IClopowave  Phislos  Department,  State  University, 

Sq.  Svobody,  4,  310077,  Kharkov,  Ukraine 

ASSim 

At  present, several  methods  for  millimeter  frequency  band  suppression 
are  known  [1].  (The  essential  defects  of  these  methods  lie,  as  we  think, 
In  complicated  construction,  hl^  attenuation  level  In  key-ln  region, 
unprofitable  correlation  between  controlling  sizes  and  other  element's 
sizes.  (PhlB  makes  Impossible  to  regulate  gain  frequency  characteristic. 
Moreover,  respective  devices  have  unprofitable  welf^t-size  parameters. 
Dlscrlbl:^  filter  has  two  Important  advantages,  namely  higher  attenua¬ 
tion  level  and  a  simple  construction  as  oomplerd  with  prevlosly  known 
one.  This  has  been  achlved  by  using  a  comblnaton  of  two  transmission 
lines:  an  Insulated  Image  dulde  (IIQ)  and  micros  trip. 

1,1  ^■TOB?m„THEPRY 


The  8-mllllmeter  band  rejection  filter  (or  simply  filter  below)  Is 

shown  at  Plg.1,  where  1-  metallic 
screen:  2-lnsulating  dielectric;  3- 
dlelectrio  wave  guide;  4-mlorostrip 
resonators . 

Suppose  there  exists  a  signal  of 
complex  spectrum  at  the  filter's 
Input  in  case  there  were  no  supple¬ 
mentary  conductors  within  the  cross 
section,  electromagnetic  energy 
would  have  passed  through  a  dielec¬ 
tric  rod  without  essential  attenua¬ 
tion.  The  Insertion  of  supplementa¬ 
ry  conductors  of  certain  size  enab¬ 
les  one  to  tedee  away  the  energy 
from  the  dleleortlo  waveguide  due 
to  resonance  effect  in  micros trip 
resonators.  This  leads  to  rejection  of  the  input  complex  spectrum.  The 
value  and  level  of  rejection  depends  on  the  total  number  of  resonators 
and  their  arrangement  while  oentural  frequency  of  the  stop-band  are  de¬ 
fined  by  size  of  conductors,  the  dielectric  rod,  Insulating  dielectric 
and  permltlvlty  of  the  latter. 

Phisioal  explanation  of  the  suppression  effec^^is  as  follows.  The 
lie  dielectric  rod  maintains  two  eigenmodes  of  and  Sq.  types.  If 
the  disoontlnultles  In  the  line  dleleotrio  rod-insulating' ' dielectric  - 
metallic  screen  were  absent,  the  Injected  electromagnetic  energy  would 
pass  to  the  output  without  attenuation  and  amplitude  oscillations.  Oon- 
versely,  the  discontinuities  such  as  metallized  plots  when  Inserted  In 
the  line  show  significant  Influence  in  the  propagation  of  electromagne¬ 
tic  OBolllatlons.  Theoretioaly,  both  eigenmodes  mentioned  above  may  In¬ 
teract  with  these  discontinuities.  However,  since  the  vertical  compo¬ 
nent  of  the  electrical  field  vector  approaches  zero  and  duo  to  the  fact 


Pig.1 
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that  the  ratio  between  resonator's  size  and  k  approaches  zero  as  mv  < , 
the  above  mentioned  resonators  interact  ®with  IS.  wave  only. 

Resonance  phenomena  occurring  In  the  structure  lead  to  an  effective 
frequency  rejection  fn  the  frequency  range  employed  if  the  miorostrlp 
resonator’s  length  is  proportional  to  where  oharaoterized  the 

miorostrip  i.t)oonator  made  of  a  metallic  soreen,  insulating  dielectric 
and  the  dielectric  rod.  Moreover,  the  metallic  spot’s  width  has  signi¬ 
ficant  Influence  on  the  micros trip  resonator’s  energy  factor  while  the 
length  of  the  miorostrip  resonator  essentially  determines  the  resonant 
frequency.  To  form  the  necessary  frequency  characteristic,  the  total 
number  of  resonators  should  be  properly  chosen. 

Exact  evaluation  of  parameter  for  the  filter  necessitates  applicati¬ 
on  of  regorous  diffraction  theory.  Fortunately,  for  practical  purposes 
the  following  approximate  method  has  proven  to  be  quite  satisfactory. 
The  width  w  of  miorostrip  should  be  taken  to  provide  the  oharaot eristic 
impedance  of  the  latter  of  50  Ohm.  Then  the  length  of  the  resonant  plot 
is  evaluated  as: 

n  k  /2  +  4(w-h)/46Q.  (1 ) 

where  k^  is  a  wavelength  in  the  auxiliary  miorostrip  whose  width  of  a 

current  earring  conductor  is  wj  e  is  the  effective  permitivity  of  the 
dielectric  rod.  Distance  between  oonduotors  is  found  to  be: 


0.8 


(2) 


It  has  been  astebllshed  experimentally,  that  the  value  of  the  reso¬ 
nant  frequency  is  in*lependent  of  resonant  condutors’  width  and  under 
the  fixed  thicknesses  of  the  dielectric  rod  and  insulating  dielectric 
is  determined  by  the  length  of  the  resonator. 

fig. 2  shows  experimental  results 


which  employs  the  alumina  rod  with 
e  =9,6  and  sizes  2x2mm  with  admis¬ 
sion  ±0,01  mm.  As  insulated  dielec¬ 
tric  chemically  treated  teflon  is 
used,  with  6  =2,02,  thickness  0,1  ± 
0,01mm.  Dimensions  of  the  resona¬ 
tors  are  as  followes:  B.=2,3±0,01 
mm,B2»2,25±0,01mm,  B->2;3^0,01mm. 

The  ‘^distances  between  resonators 
are  1. 2=3, 6±0, 01mm,  l2o=3,2±0,01mm. 
The  filter  provides  ‘^rojrotion  le¬ 
vel  -30dB  over  the  5,258  stop-bend 
centered  at  f  =32,45  QQh.  Maximum 
rejection  level  is  -47  dB.  The  filter  needs  no  regulation  at  all  if  its 
sizes  are  chosen  with  the  accuracy  given  above. 
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OPTICAL  CHARACTERIZATION  OP  THIN  FILMS  USING 
SURFACE  POLARITONS  AND  SURFACE  ELECTROMAGNETIC  WAVES  MEASUREMENTS 

E.V. Alieva,  L.A.Kuzik,  V. A. Yakovlev,  G.N.Zhlzhin 

Institute  of  Spectroscopy,  Academy  of  Sciences  of  Russia, 
Troltzk,  Moscow  reg. ,  142092,  Russia 

Reflectivity  aiid  transmittance  measurements  are  extensively  using 
for  thin  film  studies.  However  for  extremely  thin  films  their  sensitivity 
Is  not  enough  to  obtain  good  spectra  and  to  derive  film  dielectric 
function.  The  new  facilities  are  promised  by  the  application  of  surface 
polarltons  (SP)  and  surface  electromagnetic  waves  (SEW)  for  optical 
studies  of  dielectric,  semiconductor  and  metal  surfaces  and  for 
spectroscopy  of  thin  films  on  them  [1].  The  surface  polarltons  and 
plasmons  being  localized  exactly  on  the  surface  (with  the  maximum  of 
electric  field  on  It)  are  extremely  sensitive  to  the  presence  of  thin 
films  being  the  monolayers  or  submonolayers. 

For  SEW  excitation  various  techniques  can  be  applied.  Last  years 
aperture  excitation  of  IR  SEW  [2]  was  extensively  used,  calculations  of 
electromagnetic  wave  diffraction  on  the  slit  above  the  surface  under 
study  [3]  gave  us  the  possibility  to  develop  SEW  phase  spectroscopy  using 
Interferometric  measurements.  This  technique  permits  to  measure  real  as 
well  as  Imaginary  part  of  SEW  wavevector  and  determine  complex  dielectric 
function  of  the  sample  [ 4 ] . 

In  the  Table  l  the  results  of  such  measurements  in  lO)Jim  spectral 
region  are  given  for  several  metals.  The  value  n«-kv/(i)0  (affective 
refractive  index  of  SEW)  was  obtained  by  interferometric  measurements, 
the  SEW  propagation  length  L  was  determined  by  two  prism  technique  [1]. 
Using  these  two  measured  values  we  have  calculated  free  electron 
parameters  for  the  metals  under  study  (Vp  Is  a  plasma  frequency  and  v.  Is 
a  collision  frequency)  and  reflectivity  R„,,„  at  normal  Incidence.  The 
latter  value  4s  compared  with  the  result  of  direct  reflectivity 
measurement  by  multiple  (21)  reflection  technique  R.,p. 


Table  1. 


(n.-l).lO* 

L,cm 

Vp,cm-’ 

v.,cm-’ 

R.yp% 

Cu 

1.22±.05 

2.0  1.1 

6700011300 

370130 

98.921.08 

98.81.1 

Ag 

0.961.03 

2.5  1.1 

6800011000 

330120 

99.0  1.07 

99.11.1 

AUl 

0.901.03 

2.651.1 

7020011200 

330120 

99.071.07 

99.01.1 

Au2 

0.931.06 

1.7  1.15 

7000012000 

560150 

98.5  1.2 

98.61.1 

Cr 

2.651.1 

0.411.02 

435001500 

780150 

mtm 

96.81.1 

Co 

3.4  1.1 

0.341.01 

361601600 

700140 

96.4  1.2 

96.51.1 
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In  these  experiments  n*  and  L  were  measured  using  different 
techniques  but  actually  both  values  can  be  drawn  from  interferometric 
measurements.  It  was  demonstrated  in  the  studies  of  SEW  on  the  materials 
with  small  propagation  length.  High  T„  superconductors  (ceramics,  single 
crystalc  and  films  of  yBa,Cu^O,.,)  were  studied  using  SEW  phase 
spectroscopy  [5,6].  Free  carrier  parameters  were  obtained  at  room 
temperature.  It  was  shown  that  the  concentration  of  free  carriers  is 
temperature  independent . 

Dielectric  surfaces  were  extensively  studied  using  SP  as  well  as  SEW 
spectroscopy.  Spectra  of  transition  layers  created  by  Ion  implantation  of 
crystalline  quartz  and  fused  silica  were  studied  [7,8].  Optical  constants 
of  ultrathln  metal  films  on  quartz  were  obtained  [9,10]. 

As  the  propagation  length  of  surface  plasmons  on  good  conducting 
metals  Is  several  cm  they  are  especially  applicable  for  monolayers 
spectroscopy.  The  high  sensitivity  of  SEW  spectroscopy  was  demonstrated 
by  the  experiments  performed  with  the  lasers  as  radiation  sources.  The 
SEWS  were  used  for  studies  of  metals  oxidation  and  of  metal-dleleotrlc 
phase  transition  in  thin  VO,  layers  on  vanadium.  Optical  constants  and 
their  temperature  behavior  including  histeresls  were  studied. 

The  spectral  range  of  lasers  available  is  restricted.  That  prevents 
to  study  many  interesting  systems  by  SEW  technique.  Use  of  the  thermal 
broad-band  source  of  IR  radiation  and  Fourier-transform  IR  spectrometers 
needs  very  sensitive  detectors.  The  broad-band  FTIR  SEW  spectroscopy  is 
developing  now  [11,12].  New  possibilities  can  offer  with  the  use  of  the 
synchrotron  radiation  in  SEW  spectroscopy. 
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Infrared  surface  wave  heterodyning  on  metala  and 

semlconductora 

V.Valfilkauskas,  R.Petru&kevlfilus,  R.Antanavldlua,  R. JanuSkevlt lus 

Institute  of  Physics,  A.Gojttauto  12,  2000Vllnlus,  Lithuania 

Surface  electromagnetic  waves  (SEW)  due  to  their  unique  field 
distribution  (field  maximum  occurs  at  the  two  adjacent  media 
interface)  Is  a  highly  sensitive  Instrument  for  studying  both  metal 
surfaces  and  thin  films  on  them.  The  experimentally  measurable 
parameters  In  SEW  experiments  are  the  SEW  propagation  distance  1. 
(LBl/4npn'l)  and  the  real  part  of  SEW  refraction  Index  n* 

Va'J  metals  In  middle  and  far  Infrared  region 

v«u  (v  »  y  -  plasmon  frequency  and  damping  constant)  n'  Is  directly 
P  P  •* 

determined  by  plasma  frequency.  Therefore,  the  difference  between  the 

light  line  k  and  the  surface  polarlton  dispersion  curve 

0 

k  Bio/cn  .  Is  Insignificant  and  In  such  circumstances  the  measurement 

■  p  *t 

of  n^^  Is  problematic.  Usually  It  Is  measured  by  scanning 

interference  pattern  of  bulk  radiation  with  SEW  launched  on  the 
sample  edge  [1].  In  the  FIR  region  SEW  propagation  distance  on  metals 
is  too  large  (a  few  meters)  and  transparent  films  are  sputtered  on  a 
metal  surface  with  the  purpose  to  press  SEW  field  to  the  surface  [2]. 
For  SEW  phase  spectroscopy  In  doped  semiconductors  additional  Is  film 
not  requires  [3].  Another  method,  proposed  In  [4'J,  Is  based  on  SEW 
heterodyning  and  was  realized  on  gold  and  copper  at  CO  -laser 

frequencies . 

In  the  present  work  FIR  SEW  heterodyning  on  stainless  steel 
overcoted  with  Ge  film  (d>:0.6^m)  as  well  as  on  semiconductors  n- 
GaAs(Te)  was  carried  out  firstly.  Optically  pumped  cw  CH^OH-laser 

operating  at  frequencies  85,  103  and  142  cm'*  was  used  as  a  radiation 

source.  Unlike  the  conventional  method,  the  bulk  radiation  modulated 

by  frequency  Ai<*«P  Is  directed  along  the  sample  surface  perpendicular 

to  two  gratings,  placed  at  leslcm  distance.  The  scattered  by  wire 

gratings  (30  and  lOOjum  period)  SEW  and  bulk  radiation  are  colllnear 

and  signal  beatings  at  frequency  dv  on  two  detectors,  placed  under 

sample  have  been  registered.  The  phase  difference  dp  bet^reen  signals 

can  be  expressed  as  dpB(k'  -k  )1,  where  k  s2rTP  and  surface  polarl- 

•  p  o  o 

V 

ton  wavevector  k  «  —  Xn .  • 

■p  C 
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For  doped  semiconductors  A  B  the  Drude  electron  distribution  as 
well  as  phonon  one  must  be  Included  in  .  In  the  case  of  degenerate 

semiconductors  plasma  frequency  i>  approaches  the  longitudinal 


optical  phonon  frequency  v  and  as  a  result  of  plasma-phonon  Inter- 

LiO 

action  two  branches  of  surface  polarltons  appear.  The  lower  one  is 
plasmon  type  In  the  small  wavevectors  region.  That  means  the  complex 
SEW  refraction  Index  R  Is  determined  by  electron  plasma.  Neglecting 
phonon  distribution  Into  £  the  expression  of  n*  was  received: 

a*  a  a  a 


n'  -1= 

•f 


rej'-tf-a/ird'-T?]- 


(1) 


Prom  SEW  experiments  v  value  was  obtained  at  three  different 


electron  concentrations  and  quite  good  agreement  with  IR  reflectance 
data  taking  Into  account  plasma  -  phonon  Interaction  and 
nonparabollty  of  conduction  band  was  achieved  (Table  1).  Plasmon 


Table  1.  The  experimental  values  of  plasma  frequency  In  n- 
GaAs(Te)(ln  cm"^)  and  steel  obtained  by  IR  reflectance  and  SEW 
(paioscm"^)  methods  (conventional  and  heterodyne). 


Material 

N ,  cm'  * 

■ 

1 

moon 

y  ,cm'* 

L,mm 

GaAs 

7.0X10*’' 

275 

272 

270 

47 

3.3 

1 . 4X10*" 

510 

506 

503 

61 

5.9 

3.3X10*" 

570 

576 

572 

71 

9.1 

Steel+Ge 

- 

- 

28000 

27500 

400 

38.0 

damping  constant  ^  was  calculated  from  measured  SEW  propagation 
distance  L.  The  combined  amplitude  and  phase  SEW  experiments  allowed 

us  to  get  V  and  y  for  stainless  steel,  too. 

P 
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SURFACE  ELECTROMAGNETIC  WAVE  PROPAGATION  ON  NACLO,  AND  KTP  CRYSTALS 
E.V. Alieva,  L.A.Kuzik  and  V. A. Yakovlev 

Institute  of  Spectroscopy,  Academy  of  Science  of  Russia 
Troltzk,  Moscow  reg.,  142092,  Russia 

Sodium  chlorate  -  NaClO,  and  potassium  titanil  phosphate  -  KTi0P04 
(KTP)  single  crystals  were  studied  in  the  mid  infrared  (IR)  using  IR 
reflectivity,  surface  polarlton  (SP)  dispersion  and  surface 
electromagnetic  wave  (SEW)  measurements. 

IR  reflectivity  spectra  were  measured  using  Fourier  transform 
spectrometer  DAS-ie  (BOMEM).  From  these  spectra  complex  dielectric 
function  was  calculated  using  Lorenz  oscillators  fit  (dispersion  analysis 
DA)  and  Kramers-Kronlg  method.  SP  dispersion  and  SEW  complex  effective 
refractive  index  were  calculated  too.  For  both  crystals  in  the  region  of 
CO,  laser  operation  SP  exist  and  SEW  have  measurable  propagation  length. 
SP  spectra  were  studied  by  attenuated  total  reflection  technique  using 
"Michelson-llO"  (BOMEM)  Fourier  transform  spectrometer. 

SEW  propagation  measurements  were  made  using  tunable  co,  laser. The 
radiation  of  the  CO,  laser  was  focused  onto  the  slit  between  the  sample 
being  investigated  and  the  screen  placed  at  a  distance  of  the  order  of 
the  wavelength  from  the  sample.  A  part  of  radiation  is  transformed  into 
a  SEW  which  propagates  along  the  surface  and  converts  into  a  bulk  wave  at 
the  edge  of  the  sample.  This  wave  interferes  with  the  bulk  wave 
diffracted  at  the  exciting  aperture.  The  Interference  pattern  is  recorded 
a  pyroelectric  detector  which  Is  uniformly  moving  along  the  arc  with 
the  slit  as  center.  The  angular  positions  of  the  extrema  9.  of  the  order 
of  m/2  are  determined  by 

l-cos(p_*l~n„+-^~^ 

'•  2av 


where  m  is  even  for  maxima  and  odd  for  minima,  A  is  the  phase  shift 
between  the  SEW  and  the  bulk  wave  on  the  exciting  aperture,  a  is  the 
distance  that  SEW  have  run  along  the  surface.  The  modulation  depth  of  the 
interference  pattern  depends  on  the  SEW  absorption.  So  SEW  propagation 
length  L  can  be  evaluated  using  the  relationship 

a/L-21nV^.*/^tA 


Where  the  intensities  I*,*  and  l„,„  are  determined  by  the  envelopes  of 
maxima  and  minima,  respectively  for  the  appropriate  angle  value,  A  is 
determined  by  the  efficiency  of  the  SEW  excitation  and  at  the  distances 
A  much  less  then  the  distance  to  the  detector  is  independent  of  a> 

The  interference  patterns  obtained  for  different  laser  frequencies 
at  the  same  distance  between  excitation  point  and  the  sample  edge  are 
shown  in  Flg.l. 
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Fig.  1.  Interferograns  Fig.  2.  SEW  effective  refractive  Index  (closed 
for  NaClO^  crystal  circles)  and  propagation  length  (open  circles) 
In  10.3^in  region.  on  NaC10;,-air  interface. 

The  maximal  value  of  SEW  propagation  length  le.  50um  at  967om''. 
Experimental  points  for  SEW  effective  refractive  Index  and  propagation 
length  are  In  a  good  agreement  with  calculated  using  complex  dielectric 
function  obtained  from  reflectivity  using  DA  (dashed  lines)  and  Kramers- 
Kronlg  (full  lines)  methods  (see  Fig.  2). 

For  anisotropic  KTP  crystal  SP  and  SEW  measurements  are  more 
complicated  and  time  consuming,  because  this  crystal  Is  biaxial  and  the 
SP  characteristics  along  each  of  dielectric  function  principal  axes 
depend  also  on  the  orientation  of  other  axes.  We  have  made  SP  and  SEW 
measurements  on  the  aD  plane  along  a  and  b  axes.  A  remarkable  anisotropy 
of  SEW  propagation  could  be  observed  at  9.i3^m  and  10.3M.m  CO,  laser 
regions. 

The  authors  would  like  to  express  their  gratitude  to  Prof.  G. Mattel 
and  Prof.  M.Pagannone  (Istltuto  dl  Metodologle  Avanzate  Inlorganlche, 
CNR,  Italy)  and  to  Prof.  V.A.Sychugov  (Institute  of  General  Physios, 
Academy  of  Sciences  of  Russia)  for  samples  presentation  and  fruitful 
discussion  of  results. 
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INTERFEROMETRIC  MEASUREMENTS  OF  PHASE  SHIFT 
IN  THE  IR  REFLECTION-ABSORPTION  SPECTROSCOPY 

L.A.Kuzik,  A.B.Sushkov,  V. A. Yakovlev  and  G.N.Zhizhin 

Institute  of  Spectroscopy,  Academy  of  Sciences  of  Russia 
Troitzk,  Moscow  reg.,  142092  Russia 

Infrared  reflection-absorption  spectroscopy  (IRRAS)  [1]  is  widely 
used  to  study  surfaces.  In  this  technique  the  reflectivity  of  p-polarlzed 
radiation  or  its  ratio  to  the  reflectivity  in  s-polarization  is  measured 
at  grazing  incidence.  However  the  only  measured  value  is  not  enough  to 
determine  optical  constants  without  using  any  model  for  frequency 
dependence  of  the  dielectric  function  of  the  material  under  study. 

In  the  spectroscopy  of  surface  electromagnetic  waves  (SEW)  such 
problem  is  solving  using  interferometric  measurements  [2].  Although  for 
well  conducting  metals  SEW  spectroscopy  is  more  sensitive  [3]  but  for 
metals  with  low  conductivity  this  advantage  is  disappeared  [4].  So  to 
study  various  metals  in  optimal  conditions  it  seems  to  be  very  useful  to 
combine  both  techniques  in  one  unit  and  to  switch  them  according  with 
sample  under  study.  Such  combining  is  possible  using  aperture  excitation 
of  SEW  [3,5].  In  this  case  at  small  coupling  gap  between  the  screen  and 
the  metal  surface  SEW  excitation  takes  place  but  for  larger  gaps  the 
efficiency  of  SEW  excitation  lu  small  [6]  and  we  have  only  IRRAS  signal. 

The  measurements  were  made  using 
Fourler-transform  infrared  spectrometer 
•'Michelson-llO”  (BOMEM)  with  liquid 
nitrogen  cooling  MCT  detector.  The 
scheme  of  experiment  is  shown  in  fig.l. 

IR  radiation  fall  on  the  slit  between 
the  sample  surface  and  the  screen.  The 
slit  width  z.\  is  several  tenths  of  mm. 

The  field  distribution  in  the  plane  of  Fig.l.  The  scheme  of  the 
the  output  slit  can  be  presented  as  a  experiment, 

sum  of  fields  of  two  beams.  One  of  them  propagates  from  the  input  slit 
near  the  surface,  another  one  is  reflected  from  the  surface  at  grazing 
incidence,  output  slit  placed  on  the  distance  £,  from  the  surface  plane 
is  focused  on  the  detector.  So  for  each  point  i  of  the  input  slit  the 
phase  shift  A  between  two  beams  on  output  slit  takes  place  according  to 
equation 


tA"* 


where  6  is  the  phase  shift  at  the  reflection  from  the  sample.  Thus  we  can 
expect  an  interference  between  these  two  beams  that  should  be  different 
for  s-  and  p-  polarized  radiation  because  6  is  different  for  s-  and  p- 
polarizationa.  That  can  give  us  the  possibility  to  measuro  phase  shift 
between  p-  and  s-polarized  radiation  after  reflection  (the  same 
value  is  measured  in  ellipsometry ) .  Such  two  beam  interference  takes 
place  in  the  geometry  close  to  "Lloyd's  mirror". 
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Fig. 2.  Interference  patterns  in  the  spectra  a)  R-polarization  for 

different  positions  of  output  slit  and  b)  p~  and  s-polarizations 
for  two  positions  of  output  slit. 

In  the  experimental  spectra  obtained  in  the  geometry  described  above 
interference  is  easy  observable.  The  spectral  interference  patterns  are 
shown  in  fig. 2  for  different  positions  of  output  slit  and  for  two 
polarizations.  The  higher  is  z  the  less  is  the  distance  between  extrema. 
The  shift  between  p-  and  s-polarizations  is  close  to  a  half  of  the 
wavelength  for  small  angles  of  incidence  and  decreases  for  grazing 
incidence.  The  interference  extrema  positions  in  the  spectra  at  the 
different  angles  of  incidence  for  s-  and  p-polarization  as  functions  of 
interference  order  are  approximately  linear.  But  the  phase  shift  for 
s-  polarizations  does  not  coincide  vrith  calculated  one.  It  seems  to  be 
due  to  the  averaging  of  interfering  beams  from  different  points  of  the 
input  slit.  To  take  it  into  account  we  have  oalculated  field  distribution 
in  the  diffracted  on  the  input  slit  wave  for  p-  and  S'*  polarizations  in 
similar  way  as  it  was  made  in  [7].  This  calculations  have  shown  that 
actually  phase  shifts  are  averaging  on  the  silt  but  they  can  be  drawn 
from  the  analysis  of  interferograms. 
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Spectroscopy  of  confined  LO  phonons  in  superlattices: 
a  probe  for  study  of  Interfaclal  disorder 

M.l.Vasllevskiy 

Faculty  of  Applied  Physics  and  Microelectronics, 

Nizhni  Novgorod  State  University 
37  Sverdlova  str.,  Nizhni  Novgorod,  603000  Russia 

Spectroscopy  of  light  scattering  on  LO  phonons  confined  in  short-perlodlcicai  superlattlces  (SL)  is  known  to  be 
sensitive  to  a  small-scale  structure  existing  on  the  Interfaces  tl  ]•  Recently  [2],  we  have  developed  a  ID  lattice 
dynamics  model  providing  both  mode  shifts  and  the  shape  of  the  lines  due  to  broadening  of  the  Interfaces.  Simple 
results  were  obtained  for  two  cases: 

(i)  if  the  alloy  of  constituent  materials  exhibits  explicit  two-mode  behaviour  (for  instance,  (AIOa)As),  the  modes  of 
both  (AlAs-llke  and  OaAa-llke)  optical  subbands  move  downwards  with  respect  to  the  ideal  "L; 

(11)  if  the  alloy  displays  an  Intermediate  type  of  optical  behaviour  (but  the  confinement  still  exists) ,  the  modes  of  the 
two  subbands  move  towards  each  other,  as  was  observed  experimentally  in  ref.  [3  ]  for  the  OaAs/InAs  SL. 

However,  in  the  case  (1)  this  model  predicts  a  monotonous  increase  of  the  shift  with  mode  number,  in  contradiction 
with  experimental  data  [1  ].  The  model  Involves  an  ensemble  of  linear  chains,  each  with  either  Oa  or  Al  atoms  in 
appropriate  sites,  and  the  confinement  is  even  stronger  for  higher  mode  numbers.  In  reality,  such  phonons  (of  lower 
frequency)  can  propagate  in  the  alloy. 

Here  we  suggest  a  scheme  of  improvement  of  the  model  |2  ]  taking  this  fact  into  account.  Instead  of  a  virtual-crystal 
approximation  in  plane  implied  in  [2  ],  we  treat  each  cation  plane  as  a  bulk  alloy  sample  of  a  given  composition.  Thus, 
a  basic  formula  for  the  average  Green  function 

$p<Q>»Z  f(z)Sp?(n*2z) 
z 

is  still  valid  (z  is  the  'push-out'  length  [2  ]  calculated  separately  for  the  OaAs  and  AlAs  layers,  f  -  a  partition  function 
for  this  random  variable,  and  T5  corresponds  to  OaAs-like  or  AlAs-like  phonons  confined  In  the  Ideal  SL  with  (n-2z) 
monolayers  while  the  actual  number  of  monolayers  of  OaAs  or  AlAs  respectively  is  n).  However,  now  z  is  frequency- 
dependent  and  defined  according  to  v^max(jK(2)),  where  ig  the  maximum  frequency  of  the  corresponding 
LO  subband  in  the  alloy  of  the  composition  x,  More  precisely,  it  corresponds  to  the  appropriate  peak  of  the  zone  center 
spectral  density  of  states.  This  can  be  either  taken  from  the  experiment  or  calculated.  In  the  latter  case  possible  effects 
of  composition  correlations  in  plane  can  be  taken  into  account  (see,  for  example,  [4  ]) . 

Pigs.l  and  2  show  how  the  shift  of  the  modes  and  the  shape  of  the  line  (i.e  broadenig  of  the  confined  LO  modes) 
depend  on  average  composition  distribution  near  the  interfaces.  Here  we  used  Just  a  simple  linear  interpolation  for 
the  w>»ax(x)  function,  and  did  not  consider  any  inter-plane  composition  correlation.  The  latter  should  change  f(z) 
from  the  Gaussian,  thus  affecting  the  shape  of  the  line. 

In  conclusion,  the  improved  ID  model  has  been  very  fruitful  in  demonstrating  the  essential  features  of  the  SL  phonon 
modes,  and  it  is  suitable  for  analysing  the  effects  of  non-random  composition  distribution  near  the  Interfaces  due  to 
specific  features  of  a  techique  used  for  SL  fabrication. 
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Pig.l,  LO  phonon  frequency  and  the  modeahi^t 
(solid  line)  vs  mode  number  for  the  GaAs-like 
subband  (a>  er/c,  b>  linear  composition  profile) 


Pig.2.  The  phonon  density  of  states  for  the  LO3 
OaAs  mode  for  «r/c  (a)  and  linear  (b)  composition 
profile.  T-like  peaks  correspond  to  the  Ideal  SL. 
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FAR  INFRARED  SPECTROSCOPY  OF  PHONONS 
IN  OalnAs/lnP  SUPERLATllCES 
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Par  infrared  ipoetiosoopy  it  a  technique  Inoruilngly  uaed  to  Mudy  phonons  in  tujptn’lattloea.  Such  phonon 
InveiUiations  an  potentially  useful  for  ttudylng  IntetfaM  mughnets*,  which  alTeott  the  phonon  apeotrum 
by  two  tneohanlatns: 

(I)  The  extent  of  phonon  oonflnetnent  within  Indlvkhiat  aupeilattloe  layers  la  lovemed  by  the  layers' 
effeotlve  thloknesaea,  I'heae  thlokneaaet  are,  In  tuin,  affected  by  the  width  of  the  Interfaoea,  l.e.  the 
interface  roughneu.  Since  confinement  ahlfia  the  phonon  ftaquenolea  from  their  bulk  valuei.  the 
apeotral  features  are  shifted  to  an  extent  dependent  on  Interfaee  quality, 

(II)  Layers  having  nominal  tingle  crystal  structure  may  betiavr  as  alloys  due  to  the  intermixing  of  atoms 
from  dlffenent  layer  types.  The  observed  phonon  frequenoiwi  in  this  case  thus  beoome  the  relevant 
alloy  frequencies. 

Superlattloe  phonons  for  a  superlattloe  with  interface  roughness  can  be  modelled  using ,  for  Instance,  the 
random  element  isodlaplaoement  (RED  model  of  Samaon  ef  a/^  and  both  the  above  mechanitnta  contribute 
to  the  resultant  resonant  phonon  frequencies,  Moat  studies  of  such  piMnomens  have  concentrated  on 
OaAs/AlAa  superlattioesi  in  titeac  the  flni  mechanism  dominates  the  behaviour  of  the  OaAt'liks  modes 
and  the  second  meobantsm  dominates  the  behaviour  of  the  AlAs-llke  modes.  The  Al^OSj.^  alloy  that 
produces  the  AlAs>llke  mode  hat  two-mode  phonon  behaviour.  In  this  paper  we  examine  far  Infrared 
rssulia  from  a  QalnAs/InP  superiattloe.  In  pailloultr,  we  observe  the  effect  of  alloying  on  the  InP-llke 
mode,  noting  that  an  In^OS).^  alloy  has  tingle-mode  phonon  behaviour^. 

The  sample  consisted  of  20  periods  of  17  A  aa(m7ln(),s)As/biF  and  17  A  InP,  grown  on  an  InP  substrate 
with  buffer  layer  by  molecular  beam  epitaxy  (MfiE).  Wrared  rafleotlvlty  measuremeots  were  performed  at 
77  K  with  the  output  beam  of  a  laser  oonirolled  Mlchelaon  interferometer  incident  on  the  sample  at  an 
angle  of  A  polariter  was  placed  in  front  of  the  Clolay  detector. 

Both  a-  and  p-polarlsatlon  spectra  are  shown  in  the  figure.  The  large  inoreare  In  reflectivity  in  the  region 
300-330 cm'*  is  within  the  reststrahlen  iglon  of  InP,  and  this  Is  the  most  dominant  feature  because  InP  is 
the  substrate  material  as  well  u  the  one  of  the  superlattloe  oemponenta.  We  oonoentrate  on  features  in  this 
region  because  they  dominate  the  spectrum.  It  should  be  noted  that  the  presence  of  the  substrate  reslatrahl 
can  actually  enhance  features  of  interest. 

Comparison  of  the  two  figures  shows  that  there  is  no  significant  feature  in  the  p- polarisation  spectrum  that 
does  not  appear  in  the  s-polarlsation  spectrum.  This  contrasts  with  the  case  when  strong  confinement 
occurs.  In  the  latter  oase  sharp  dips  occur  at  confined  LO  frequencies  In  p- polarisation  but  are  absent  In  s- 
polarlsation'.  In  tite  cue  considered  here,  however,  confinement  effects  appear  to  be  so  small  and  the 
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superlattloe  lo  thin  that  no  oonflned  LO  feature  can  be  reaolved.  Thle  Interpretation  li  oonilitent  with  the 
•malt  disperalon  pretent  In  the  InP  phonon  dlapenlon  curve. 

Because  confinement  effects  are  small  we  have  modelled  the  dleiectrio  response  of  the  superlattloe  in  terms 
of  a  bulk  slab  model  In  which  each  layer  Is  considered  as  an  Isotropic  bulk.  In  the  long  wavelength  limit 
the  resulting  dleiectrio  functions  may  be  averaged  to  give  a  uniaxial  dleleotrlc  tensor  with  principal 
components 

e„-eyy-(eidi+e,d,)/(d,+da) 

•is‘‘-<«r‘<*t  +  *2‘<*ayWi+<‘a) 

where  and  Cg  are  the  dielectric  functions  of  the  two  superiattloe  layers  of  thlokneai  d^  and  d^ 
respectively,  t  Is  taken  u  the  growth  direction. 

In  order  to  model  the  dip  at  ~  33S  om‘‘  In  both  speotra  It  is  neoeasary  to  auume  that  some  Oa  atoms  have 
migrated  from  the  OaQ, 471110, j^Aa  layers  to  the  InP  layera.  Ihua  we  consider  the  superiattloe  u 
(the  migration  of  P  or  As  la  not  oonaidared  beoauae  It  does  not  lead  to  auch 
pronounoed  features).  The  main  effeot  of  alloying  a  small  amount  of  Oa  Into  the  InP  layers  Is  to  Introduue 
an  extra  oscillator  at  336  om‘‘.  Such  a  modb  is  oonalatent  with  that  observed  In  Oa).,^ln^  by  Luoovaky  et 
nfi,  The  dip  at  *>  333  om*‘  therefore  oorreaponds  to  this  mode,  and  there  la  good  agreement  between  theory 
and  experiment  using  tills  Interprsudon.  The  main  observable  effeot  In  die  Gso.)7lno.4|As  layer  spectrum 
is  a  small  shift  (*'  S  cm‘‘)  In  the  InAS'llke  TO  frequency, 

In  summary,  we  have  ahown  that  a  sharp  feature  In  the  far  Infrared  spectrum  can  be  directly  related  to 
aupertatUce  quality  Iti  the  QalnAs/InP  superiattloe  system  grown  on  an  InP  substrate.  This  feature  shows 
up  within  the  reststrahl  region  of  the  InP,  and  Is  due  to  Oa  impurities  In  InP. 
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Optical  properties  and  DC  conductivity  of  superthln  niobium 
(lA-lOoA)  and  copper  films  on  crystalline  a-quartz  and  silicon  have 
been  studied.  The  metal  films  were  prepared  by  radio  frequency 
sputtering.  Such  films  show  metallic  behavior  even  for  the 
thickness  of  a  few  A.  All  measurements  were  made  on  air.  To  avoid 
oxidation  the  metal  films  were  coated  Immediately  after  deposition 
by  40A  thick  protective  silicon  film. 

We  have  used  reflection  and  transmittance  Infrared 
spectroscopy  to  study  these  films.  Infrared  spectra  were  obtained 
using  Fourler-transform  spectrometer  In  the  region  400-5000cm'' . 
Imaginary  part  of  dielectric  function  of  the  film  was  estimated 
from  these  spectra  using  approximate  formulae  valid  for  very  thin 
films. 

In  the  thickness  dependence  of  Ime  of  Nb  film  deposited  on 
silicon  as  well  as  on  quartz  oscillations  with  a  period  mbA 
exhibit.  In  [1]  we  had  reported  the  observation  of  one  maximum  In 
the  Ime  at  the  film  thickness  6A.  In  [2]  we  have  measured  Nb  films 
with  thicknesses  1.5-27A  on  quartz  and  could  observe  four  maxima 
separated  by  6A.  For  Nb  films  on  silicon  such  oscillations  are 
exhibiting  up  to  the  thickness  70A. 

Direct  current  resistivity  was  measured  for  Nb  samples  on 
quartz  substrates  using  the  four  point  technique.  All  films  thicker 
than  CA  exhibit  metallic  conductivity  and  ohmic  voltage  to  current 
dependence.  DC  conductivity  oscillates  with  6A  period  too. 

Using  the  Drude  model  we  have  calculated  the  plasma  frequency 
u.'d  frequency  of  electron  collisions  from  DC  and  optical 
measurements.  Both  these  values  oscillates  with  the  same  period  as 
the  conductivity. 

The  same  nonmonotonous  thickness  dependencies  can  be  observed 
in  surface  polarltor.  [3]  and  surface  electromagnetic  wave  [4] 
measurements  of  Nb  films  on  quartz  substrates.  Temperature 
measurements  of  reflectivity  and  DC  resistance  have  shown  that  the 
period  as  well  as  the  relative  amplitude  of  oscillations  are 
practically  temperature  Independent  [5]. 

Thus  the  oscillations  with  a  period  of  several  A  were  found  on 
the  film  thickness  dependence  of  optical  and  electric 
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characteristics.  These  oscillations  exhibits  the  same  period  for 
various  sets  of  samples  made  of  the  same  metal  In  slightly 
different  conditions,  'his  period  was  found  to  be  different  for 
different  metals.  For  niobium  films  the  period  was  for  copper 
films  It  was  »2A.  For  both  metals  we  could  observe  at  least  a  dozen 
of  periods  on  the  thickness.  So  conductivity  at  the  infrared 
frequencies  and  DC  one  are  periodic  functions  of  the  film  thickness 
with  a  period  6A.  This  value  Is  of  the  order  of  Fermi  wavelength  of 
conduction  electron  for  this  metals.  The  dependence  of  the  optical 
and  electric  properties  on  the  geometrical  dimensions  comparable 
with  the  electron  Fermi  wavelength  can  be  attributed  to  the 
presence  of  the  quantum  size  effects. 

The  theory  of  the  quantum  size  effect  in  electric  conductivity 
for  semimetals  was  given  by  Sandomlrskll  In  [6].  From  this  theory 
follows  that  DC  conductivity  Is  a  periodic  function  of  the  film 
thickness  with  the  period  equal  to  a  half  of  the  electron  Fermi 
wavelength.  This  conclusion  was  confirmed  by  experimental  studies 
of  bismuth  [7J.  antimony  and  tin  [8]  films.  The  oscillation  period 
for  these  materials  was  dozens  or  hundreds  k.  It  becomes  possible 
to  observe  tae  oscillations  In  such  metals  as  Nb  or  Cu  with  several 
A  period  only  due  to  the  use  of  radio  frequency  sputtering  with 
precise  film  thickness  control.  For  metals  this  effect  was  first 
observed  In  a  set  of  different  samples  but  not  on  one  specially 
prepared  sample  as  In  [8],  the  period  being  constant  for  different 
sets  of  samples. 

According  to  the  Sandomlrskll  theory  we  can  explain  the 
similarity  of  the  oscillations  at  different  temperatures  by  the 
fact  that  the  distance  between  the  energy  levels  In  a  quantum  well 
near  the  Fermi  energy  for  a  Nb  film  of  the  thickness  under  study  Is 
of  the  order  of  eV.  That  Is  much  higher  than  kT.  Thus  the 
Sandomlrskll  theory  gives  a  qualitative  description  of  our  results. 


REFERENCES 


1.  E. V. Alieva, E. I. Flrsov,L. A. Kuzlk,V. A. Yakovlev  and  F.A.Pudonln, 
Physics  Letters,  A152, (1991)89. 

2 .  L . A . Kuz Ik , Yu . Ye . Petrov , V . A . Yakovlev , G . N . Zhlzhln  and  F . A . Pudonln , 

Physics  Letters,  A17i, (1991)418. 

3 .  G . N . Zhizhin , L . A . Kuz ik , V . N . Spiridonov , V . A . Yakovlev , P . Grosse  and 
E. Heinz,  in  Proc.  of  the  8-th  Int.  Conf .  on  Fourier  Transform 
Spectroscopy ,  ( Lubeck-Traveraunde , 1991 ) . 

4.  E.v. Alieva, F. A. Pudonln  and  V. A. Yakovlev,  (to  be  published). 

5 .  L . A . Kuzlk , Yu . Ye . Petrov , V . A . Yakovlev , G . N . Zhizhin ,  F . A . Pudonln , 
P. Grosse  and  V.Offermann,  (to  be  published). 

6.  V.B. Sandomlrskll,  Sov.Phys.JETP, 25(1967)101. 

7.  Y.F.Ogrin,V.N.Lutskii,  JETP  Letters, 3 (1966) 71. 

8.  Y.F.Komnik,E.N.Buchstab,  JETP  Letters, 6(1967) 58, ‘ibid. 8(1968)4. 


312 


Tu8.8 


NON-LINEAR  DOPPLER  SHIFT  OF  THE 
PLASMON  RESONANCE  IN  A 
GRATING-COUPLED  DRIFTING  2DEG 

R  E  Tyson,  R  J  Stuart,  H  P  Hughes,  J  E  F  Frost, 
D  A  Ritchie,  G  A  C  Jones  and  C  Shearwood 

University  of  Cambridge,  Cavendish  Laboratory, 
Madingley  Road,  Cambridge  CBS  OHE,  U.K. 


Experimental  and  computational  investigarions  of  the  plasmon  resonances  of  a  two  dimensional 
electron  gas  (2DEG)  in  the  far-infrared  have  been  performed.  The  object  was  to  study  the  effects  of 
laterally  drifting  the  2DEG,  that  is  giving  the  electrons  a  net  velocity  in  the  plane  of  the  charge  sheet.  The 
simplest  description  of  the  effect  of  drifting  the  2DEG  is  in  terms  of  a  Doppler  shift  in  the  plasmon 
frequency  .  For  the  case  of  the  plr  smon  wavevector  and  the  drift  velocity  being  parallel,  there  are 

two  plasmon  modes  (travelling  up  and  down  stream  with  respect  to  the  drift)  and  their  Doppler  shifted 
plasmon  frequencies  are  (  cDq  being  the  plasmon  frequency  in  a  stationary  2DEG): 

Q)i-COQ±k,Vi  (1) 

The  situation  is  complicated  by  the  need  to  use  a  coupling  structure,  such  as  an  overlaid  metal  grating 
close  to  the  2DEG,  to  match  the  frequency  and  wavelength  of  the  plasmon  to  that  of  the  electromagnetic 
radiation.  The  periodicity  of  a  grating  overlaid  on  the  structure  causes  the  dispersion  relation  to  become 
zone-folded  and  gaps  open  at  the  Brillouln  zone  bt'undary  and  at  the  zone  centre,  Figure  1.  Therefore  at 
zero  drift  velocity  there  exist  two  first  order  plasmon  modes.  The  in-plane  electric  field  profiles  of  these 
two  modes  are  standing  waves  which  are  either  symmetric  (and  hence  radiative)  or  antisymmetric  (and 
hence  non-radiativs)  about  the  centre  of  a  grating  finger,  assuming  a  symmetric  grating  profile. 


The  scattering  matrix  method  [1]  has  been  extensively  used  to  model  the  electromagnetic  response  of 
stratified  systems  including  gratings  and  2DEGs.  It  is  a  full  electromagnetic  field  calculation  which 
implicitly  takes  into  account  the  .screening  effects  of  the  grating,  Calculation  of  the  plasmon  frequency  as  a 
function  of  drift  velocity  shows  that  there  is  a  splitting  at  zero  drift  velocity  caused  by  periodic  grating  gate 
screening,  and  that  the  plasmon  frequency  shift  is  not  linciir  with  drift  velocity,  again  becau.se  of  the  grating 
screening  The  calculated  plasmon  frequencies  of 
tlie  2DEG  with  a  grating  coupler  do  approach  the 
linear  Doppler  shift  of  Equation  (1)  at  sufficiently 
high  drift  velocity,  shown  in  Figure  2, 


Computing  the  transmission  of  the  sample 
structure  for  varying  drift  velocity  shows  that  with 
increasing  drift  velocity  the  initially  non-radiative 
(upper)  mode  begins  to  couple,  and  the  coupling 
sti-cngth  of  the  lower  mode  decreases.  This  can  be 
understood  in  terms  of  the  oscillating  2DEG 
number  density  profiles  at  these  resonant 
frequencies,  which  become  travelling  waves  when 
the  2DEG  is  drifted,  rather  than  standing  waves 
under  the  grating  for  a  stationary  2DEG;  the 
travelling  character  of  t'le  upper  mode  means  that 
it  no  longer  has  a  symmetry  incompatible  with  the 
incident  radiation,  anJ  can  thus  couple. 
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The  samples  investigated  here  were  fabricated  from  MBE-grown,  high  mobility,  AlGaAs/GaAs 
heterostructure  wafer.  The  grating  periods  used  were  1.0  |a,m  and  0.7.5  pm.  Transmission  spectra  were 
obtained  of  the  samples  cooled  to  10  K  using  an  infra-red  Fourier  transform  spectrometer  and  a  liquid 
helium  cooled  silicon  bolometric  detector.  The  plasmon  spectra  taken  at  a  series  of  drift  currents  were 
fitted  with  a  Lorentzian  oscillator  line-shape  to  obtain  values  for  the  parameters:  plasmon  frequency,  peak 
height  and  width.  The  far-infrared  spectra  show  a  downward  shift  of  the  plasmon  resonance  as  the  drift 
current  is  increased;  this  shift  is  also  non-linear  with  increasing  sheet  current  density.  Figure  3.  No 
splitting  of  the  plasmon  is  seen,  indicating  that,  at  the  drift  velocities  achieved  here,  coupling  to  the  non- 
radiative  upper  mode  is  still  very  weak.  A  larger  absolute  shift  in  frequency  is  measured  for  the  smaller 
grating  period  sample,  as  expected  since  it  has  a  larger  k, ,  but  the  shift  for  both  periods  is  greater  than  that 
predicted  by  the  scattering  matrix  model.  We  propo.se  that  the  additional  shift  arises  from  a  decrease  in  the 
sheet  charge  density  of  the  2DEG,  A/s,  with  drift  current.  The  apparent  decrease  in  Ns  is  approximately 
linear  with  current  and  it  is  also  very  similar  for  the  two  grating  period  samples  which  suggests  that  the 
reduction  is  a  consistent  electrical  effect  independent  of  the  grating.  At  the  largest  currents  passed  through 
the  samples  the  decrease  in  Ns  is  only  about  3%. 


Figure  2. 


Drill  Volodiy /m  I’l 


Figure  3. 


The  width  of  the  plasmon  line  shape  and  DC  resistance  measurements  on  the  2DEG  both  show  a 
similar  fall  in  the  mobility  with  applied  electric  field.  This  increase  in  the  .scattering  with  electric  field  results 
in  two  problems  experimentally.  Firstly,  the  shorter  scattering  time  means  that  the  plasmon  amplitude  is 
.smaller  at  a  given  drift  field,  which  implies  that  it  is  more  difficult  to  observe.  Secondly,  in  order  to 
produce  high  drift  velocities  the  ohmic  heating  of  the  sample  becomes  excessive.  The  applied  electric  fields 
are  relatively  small  (<  5  kVm-*),  so  the  average  electron  energy  is  much  lower  than  that  needed  for 
intervalley  and  real  space  scattering.  But  the  electron  energies  achieved  at  the  drift  fields  lused  here  are 
sufficiently  great  to  cause  scattering  by  the  emission  of  polar  optical  phonons.  A  second  mechanism  which 
may  increase  the  scattering  is  the  promotion  of  the  electrons  to  the  second  2DEG  subband  which  has  a 
lower  mobility  and  will  lower  the  overall  mobility  of  the  electron  gas.  This  again  will  occur  at  electric 
fields  of  the  order  of  1  kVm-'.  This  promotion  of  the  electrons  to  a  higher  energy  subband  may  al.so  be 
respxjnsible  for  the  apparent  decrease  in  number  density  of  the  electron  gas,  since  the  higher  effective  mass 
of  the  second  subband  means  that  those  electrons  will  not  participate  in  the  original  first  order  plasmon 
resonance  oscillation. 

Work  is  in  progress  to  observe  the  plasmon  resonance  at  higher  drift  velocity,  possibly  with  coupling 
to  the  upper  mode,  using  a  pulsed  electric  field  to  reduce  the  sample  heating. 

[1]  Ager  C  D  and  Hughes  H  P,  Fhys  Rev  B  44,  13452  (1991) 
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ABSTRACT 

An  exact  one-electron  calculation  of  the  aubband  energy  levels  of  a  cylindrical  quantum  wire  with  an  axial 
magnetic  field  is  outlined,  Oscillator  strengths  are  obtained  for  optical  transitions  between  the  ground  state  and  first  two 
excited  states  as  a  function  of  the  applied  magnetic  fleld. 

1.  SUBBAND  SPECTRUM 

Recent  advances  in  semiconductor  fabrication  techniques  ^  have  made  it  possible  to  produce  cylindrical  quantum 
wires  with  diameters  on  the  nanometer  scale.  For  this  reason,  there  has  been  a  renewed  interest  in  the  quantum  mechanics 
of  particles  confined  to  such  wires.  The  exact  solution  of  die  effective-mass  Schrodinger  equation  for  a  solid  cylinder  with 
an  axial  magnetic  field  (fi)  is  given  in  terms  of  the  confluent  hypergeometric  fiinction  ^  (CHP)  assuming  an  infinite 
square  well.  We  concentrate  here  on  this  system  although  the  extension  to  a  hollow  cylinder  has  been  recently  discussed^ 
The  wavefiinction  in  cylindrical  co-ordinates  (p,^,z)  is  given  by  ^ 

•PfAp.*;  -  A  exp(i;/2)  M(amnM)  b-lwl+f,  mmO,±I,±2,±3,..  (1) 

where  M(atnn>b,C)  is  the  CHP,  J^-pV^a^  with  ac  the  magnetic  length  (a^ah/eB),  k  is  the  axial  wavevector  and  amn  is  the 
nth  zero  of  the  CHP  obtained  from  the  boundary  condition  4'(R,^,z)bO,  viz. 

M(amn,b,R^/2al)mO  end  j  fb+mj)  (2) 

with  (i)o  ("CB/IX)  the  cyclotron  frequency,  p  the  effective  mass,  and  Bmn(B)  the  subband  energy.  Figure  1  illustrates  the 
subband  energy  levels  for  a  cylinder  of  radius  300A  with  parameters  appropriate  for  the  OaAi/AlOaAs  system.  It  is  seen 
that  for  non-zero  B  the  doubly  degenerate  states  (mitO)  are  Zeeman  split.  For  small  B  the  splitting  is  proportional  to  mB, 
whilst  for  larger  B  the  confinement  Is  due  to  B  rather  than  the  potential.  In  particular,  there  Is  a  minimum  In  the  m<0 
curves  which  is  intimately  linked  to  the  number  of  flux  quanta  within  the  cyclotron  radius  The  energy  level  splittings 
are  typically  a  few  meV  and  are  therefore  amenable  to  far  Infia-red  spectroscopy.  It  Is  noted  here  that  for  a  hollow  cylinder 
^  the  ground  state  is  not  In  general  the  maO  state  in  striking  contrast  to  the  solH  cylinder. 

2.  OSCILLATOR  STRENGTHS 

We  now  briefly  consider  optical  absorption  between  these  magnetic  subbands.  For  reasons  of  symmetry  the 
configuration  with  clear-cut  selection  rules  will  be  those  of  circularly  polarised  light  incident  along  the  cylinder  axis.  T^e 
electric  field  is  E>Eo[cos(o}t),isin((i)t),0]  in  right  (•<•)  anJ  left  hand  (-)  polarised  light.  The  interaction  potential  in  the 
dipole  approximation  is  W±  ■  peBocosfoxT^).  Standard  analysis  then  shows  that  for  absorption  m-4md:l  and  stimulated 
emission  m-4mTl.  The  above  Interaction  Hamiltonian  together  with  the  exact  eigenfiinctions  (eqn.l)  provide  the  basis 
for  a  full  description  of  optical  absorption.  Here  we  consider  the  oscillator  strength  between  the  ground  state  (mBO.nBl) 
and  the  first  two  excited  states  (±1,1).  In  general  the  oscillator  strength  between  an  Initial  state  (m,n)  and  a  final  state 
(m',n')  may  be  defined  s 

/ .  .fmal  ^4) 

where  e<p>  is  the  dipole  matrix  element  and  me  Is  the  free-electron  moss.  Figure  2  illustrates  the  oscillator  strengths  for 
transitions  between  (0,1)  and  (±1,1)  as  a  fiinctlon  of  B  for  the  system  depicted  in  figure  1.  It  Is  seen  that  the  strengths  ore 
equal  for  B-0  (as  th'^y  should  be),  but  as  B  increases  the  oscillator  strength  for  the  (0,l)-4(-l,l)  transition  decreases 
whilst  that  for  the  (0,l)-»(  1,1)  transition  increases  initially  although  for  large  B  It  Is  independent  of  the  field 
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(«4tne/).t).The  insert  to  flgure  2  illustrates  the  variation  of  the  energy  difference  AE  with  field  for  these  two  transitions.  It 
is  hop^  that  this  work  will  stimulate  experimental  investigations  of  Intersubband  transitions  in  these  novel  quasi-one 
dimensional  systems. 
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Figure  1. 

The  subband  energy  levels  for  Ra3U0A  as  a  Unction  of  B  (full  curves  mSiO  dashed  curves  m<0). 


Figure  2. 

Tlie  oscillator  strength  as  a  function  of  B.  The  full  curve  corresponds  to  the  (0,l)->(  1,1)  transition  and  the  dashed  curve 
to  the  (0,1)->('.1 ,1)  transition.  The  insert  depicts  the  energy  differences  between  these  two  transitions. 
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Abstract 

Phonon  confinement  in  a  selection  of  asymmetric  4<iayer  OaAs/AlAs  superlattlce  structures  grown  by  molec¬ 
ular  beam  epitaxy  has  been  studied  by  polarised  far  infrared  obliqtie  incidence  and  attenuated  total  reflection 
(ATR)  spectroscopy  and  Raman  spectroscopy.  The  results  enable  measurements  to  be  made  of  the  interface 
broadening  parameters  of  each  interface  t.  The  interface  roughness  parameter  lY  of  a  layer  of  average 
thickness  n  monolayers  is  described  by  the  expression  a  cmni/(an  +  n«),  with  a  a  1  and  n,  »  2  and  6 
for  QaAs  and  AlAs  repectively. 


I.  Introduction 

Optic  phonons  confined  in  the  t  direction  within  a  superlattice  layer  of  thickness  L  have  confinement 
wavevector  km  and  are  observable  by  far  infrared  and  Raman  scattering  at  a  freqiienoy  <A)m  ■■  ), 

where  a)(q)  is  the  frequency  of  bulk  phonons  with  wavevector  q.  The  effective  thickness  £>  of  a  layer  depends 
on  the  effective  width  W  of  the  interfaces  between  the  layers  In  the  superlattice.  W  is  determined  by  the 
growth  process,  and  depends  on  the  degree  of  alloying,  due  to  diffusion  of  adatoms  (Qa  or  Al),  and  roughness 
caused  by  terracing  dtiring  growth.  Thus,  measurement  of  frequencies  u>m  can  provide  information  about 
the  effective  width  IV  of  the  interfaces  and  provides  a  means  of  characterising  the  growth  process.  The  aim 
of  this  work  has  been  to  measure  the  effective  interface  width  parameters  IV,  and  to  provide  a  model  that 
describee  how  IV  depends  on  the  growth  conditions  of  each  layer. 

The  model  used  to  determine  the  interface  roughness  of  the  samplrs,  a  one-dimensional  linear  chain 
model  incorporating  alloying,  is  described  by  Samson  ct  al},  It  requires  a  specification  of  the  average 
superlattice  unit  cell  composition  profile  ,  for  which  we  have  used  a  simple  model  that  attempts  to  emulate 
the  growth  process.  The  essential  feature  of  the  model  is  the  prescription  used  in  describing  the  interface 
width  parameters  IV.  When  a  layer  of  average  thickness  n  monolayers  is  grown,  we  assume  that  the  resulting 
surface,  which  becomes  the  interface  between  this  layer  and  the  next,  has  a  width  parameter  of  the  empirical 
form 


an  -I-  n,  ’ 


(1) 


in  which  IV  approaches  a  saturation  limit  y/nj  when  n  is  large,  and  the  simple  statistical  limit  y/an  when  n 
is  small.  The  composition  profile,  i.e,  the  fraction  Pj  of  Ga  atoms  occupying  each  gro\ip  Ill  plane  j  in  the 
superlattice  unit  cell,  is  then  constructed  by  assuming  that  the  average  composition  profile  at  an  interface 
nominally  at  «  b  0  is  assumed  to  have  the  error  function  shape  «r/c(z/IV)/2. 


11.  Experimental  Measurements  and  Analysis 


The  samples  studied  were  grown  by  molecular  beam  epitaxy  (MBE)  on  [001]  QaAs  substrate  at  630*0. 
All  the  samples  had  a  unit  cell  of  (AlAs)ni(QaAa),i3(AlA8)n3(GaAB)n4i  where  »  18.  This  unit  cell  was 
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repeated  400  times  to  make  a  complete  snperlattice  with  a  thickness  of  approximately  2  fitn.  The  unit  cell 
for  all  nine  s^plw  is  given  in  figure  1,  with  the  direction  of  growth  going  from  left  to  right.  The  frequencies 
Wm  Of  the  LO(m)  (m=l)  phonons  from  the  QaAs  well  s  in  the  samplw  have  been  measureil  by  Raman 
scattering  n  backscattering  z(x,  y)'X  configuration  at  a  temperature  of  80  K,  and  by  polarised  far  infrared 
oblii^u©  incidfnco  and  attonuatod  total  raflactioa  (ATR)  spectroscopy^ . 


The  constniction  of  the  (AlA8)„i(GaAs)„2(AlA8)n3(QaA8)„4  superlattices  studied  here  are  shown  in 
tlie  figure,  and  the  experimentally  measiired  freqtiencies  (in  cm“‘)  of  the  QaAs-like  LO  phonon  modes  Wm 
w  th  m  -  I  are  shown  on  the  right.  The  samples  studied  all  have  a  period  of  18  monolayers  (apart  from  A, 
which  has  half  the  period,  since  m  =  ns  and  na  «  ns).  Samples  A,B,C  and  D  all  have  GaAs  layers  with 
na  =  n4  «  3,  separated  by  different  widths  of  AlAs  layers.  Apart  from  sample  A,  they  show  two  distinct 
□aAs-llke  phonon  modes  corrmponding  to  the  two  different  OaAs  layers,  the  freqtiencles  of  which  would 
be  ^entially  identical  if  the  interfaces  were  ideally  perfect.  The  pairs  of  samples  Fl,F2  and  01,02  with 
GaAs  layer  widths  of  2  and  4  monolayers  are  Identical  but  grown  in  reverse  directions;  the  frequencies  change 
very  markedly  when  the  growth  direction  is  reversed. 

A  wry  Mtisfactory  theoretical  description  of  the  mode  frequencies  in  all  9  samples  can  be  obtained  luing 
the  model  of  Samson  ot  a  with  composition  parameters  determined  by  the  procedure  outlined  above  and 
/  Ai  A  \  widths  determined  through  equation  (1)  with  the  vahies  a  «  1.0±  .1,  n,(OaAs)  *  2.0±  .5, 

r*!  j  schematic  in  the  figure,  the  calculated  Qa  composition  profile 

8  indicat^  by  solid  lines  and  the  idealised  profile  by  dashed  lines,  and  the  ntimber  above  each  interface 
indicates  the  roughness  parameter  IV  in  monolayer  units.  We  conclude  from  the  analysis  that  equation  (1) 
gives  a  good  description  of  the  dependence  of  the  interface  width  on  the  layer  thickness. 

The  authors  would  like  to  thank  the  UK  Science  and  Engineering  Research  Council  for  financial  aasls> 
tance  with  this  project. 


t  I  10  II 
SNilMimnemfii*) 

Figure.  Layer  thicknesses  n<,  interface  parameters  W  and  gallium  concentrations  Pj  for  each  of  the  nine 
samples  sttidled.  The  dotted  lines  Indicate  the  Pj  values  for  idealised  sharp  interfaces,  whilst  the  solid  lines 
are  the  model  resiilts  The  niimber  above  each  interface  is  the  calculated  roughness  parameter  W  associated 
with  that  interface. 
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1.  Introduction 

As  a  rule  surface  polaritons  of  dielectric  or  semiconductor  crystals  and  surface  plasnion  >  po- 
laritons  of  metals  are  considered  as  nonradiative  excitations  because  their  wave  vectors  q  are  large 
than  wave  vector  of  light  in  a  vacuum  ho  [1].  The  existence  of  radiative  surface  polaritons  and 
the  possibility  of  their  experimental  detection  by  the  spectra  of  thermal  radiation  of  samples  was 
investigated  in  [1-3]. 

Nonradiative  surface  polaritons  with  q  >  ho,  generated  by  thermal  motion  of  surface  atoms  and 
electrons  of  crystals  (or  metal),  can  be  converted  into  lipht  by  means  of  an  ATR  prism  brought 
to  the  crystal  surface  [1)3,4].  Excitation  of  surface  polaritons  using  an  ATR  prism  over  a  crystal 
leads  to  the  light  absorption  (and  emission)  by  nonradiative  surface  polaritons.  Thus,  the  ATR 
prism  placed  near  the  surface  of  a  metal  turn  the  nonradiative  surface  plasma  states  of  the  metal 
-  vacuum  interface  with  q  >  ho  into  light  absorbing  (radiative)  states.  The  presence  of  a  prism 
near  the  metal  surface  leads  to  a  pertu^ation  of  surface  plasmon>polaritons  and,  as  a  result,  to  a 
considerable  change  in  the  dispersion  law  [1,3].  With  a  very  thick  and  .zero  ^ap  between  ATR  prism 
and  a  crystal  (or  a  metal)  surface  the  interface  polaritons  remain  nonradiative,  i.e.  these  polaritons 
can  not  absorb  light  [3].  When  the  gap  is  finite,  perturbation  of  the  surface  polariton  occurs  and 
this  leads  not  only  to  a  change  in  its  dispersion  law  but  also  to  the  appearance  of  radiative  modes 
(of  the  Fabry  -  Perot  type)  In  the  gap  between  the  prism  and  the  crystal  surface  [1,3]. 

The  same  conversion  of  nonradiative  surface  plasmon  of  a  metal  take  place  when  the  metal 
covered  by  a  dielectric  film  with  an  optical  thickness  more  than  the  wavelength  of  metal  plasmon- 
polariton  [2,3].  In  this  case  the  dielectric  film  can  consider  as  a  ’’cavity”  and  the  electromagnetic 
field  of  plasmon-polariton  of  the  metal  as  a  ’’cavity  modes”.  These  cavity  modes  can  interact  with 
dipole  active  excitations  in  the  film.  Such  resonance  interaction  are  discussed  in  this  report. 

2.  Theoretical  background 


The  spectra  of  light  absorption  (^4)  and  thermal  radiation  (E)  by  polaritons  of  a  structure  ”  ATR 
prism  -  gap  -  semiconductor  film  -  metal”  are  well  described  by  the  formula  [3]: 


(^1  ~  S))M  -f  (5i  -I-  S2)N  1 3 
(Si  -f  Si)M  -f  (5j  —  Si)N 


(1) 


where  M  =  (S2  +  Sa)(Sa  +  S4)  +  (Sa-  SaXSa  -  tf4)c»p(-2a5fw/c); 

N  =  [(^2  -  Sa)(Sa  +  S4)  -f  (Sa  +  -  S4)exp{-2Kalu/c)]exp(-2Kaduf/c)\ 

Sj  =  ii/Kj  for  p-polarized  light;  6j  =  Kj  for  s-polarized  light;  kj  =  j=l,2,3,4.  Here 

Si  is  the  dielectric  function  of  the  semi-cylinder  material  (ATR  prism),  C)  is  the  dielectric  function 
of  the  gap,  Ss(u;)  and  £4(01)  are  the  dielectric  functions  of  the  film  and  the  substrate,  respectively;  I 
and  d  are  the  thicknesses  of  the  gap  and  the  dielectric  (semiconductor)  film,  and  ^  is  the  radiation 
angle  (inside  the  medium  with  ei). 


3.  Light  absorption  by  radiative  polaritons. 

It  was  shown  [1-3]  that  the  interaction  of  light  with  two  interface  vibrational  modes  of  a  struc¬ 
ture  ’’vacuum  -  tnin  film  -  metal”  leads  to  the  appearance  of  absorption  (radiation)  peaks  at  the 
frequencies  of  these  modes.  One  of  them  is  located  at  frequency  wyo  and  another  at  freouency  W£o- 
When  we  have  an  ATR  prism  near  the  film  on  metal  substrate  or  dielectric  (semiconauctor)  slab 
on  the  metal,  it  is  evident  that  in  the  gap  and  in  the  film,  as  in  the  Fabry  -  Perot  interferometer, 
radiative  interference  modes  will  exist. 
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Fig.l  Calculated  p-polarized  absorption  spectra  of  structure  ”  ZnSt  film  --  Cr  substrate"  with 
different  thicknesses  of  the  film.  The  calculated  spectra  are  in  a  good  agreement  with  experimental 
results  [1-3]. 

As  an  example  in  Fig.l  shown  that  a  set  of  radiative  polariton  branches  appear  to  in  the  fre- 
miency  regions  u  <  uto  =  200  cm'*'  and  v  >  uio  *=  250  cm“'.  The  number  of  these  branches  is 
determined  only  by  the  thickness  and  the  dielectric  function  of  the  film  [3].  These  "modes",  i.e.  ra- 
c  iatlve  polaritons,  are  "tied"  to  the  metal  surface  and  they  should  be  considered  as  electromagnetic 
eigenstates  of  our  structure.  These  "modes"  was  observed  early  in  experiments  [2,3]. 

It  should  be  noted  that  the  intensities  of  these  additional  bands  in  the  spectrum  in  Fig.l  at  the 
frequency  v  <  Ufo  and  u  >  uio  are  determined,  primarily,  by  the  frequency  of  electron  collisions 
in  the  metal  plasma,  i.e.  by  the  quantity  /Tn[<Af(w)].  «Af(w)  =  1  --  —  *7pw),  where  iVp  and 

7p  is  the  plasma  frequency  and  the  fretiuency  of  electron  collision  in  metal  plasma  respectively, 
(Wp  =  50000 cm"',  7p  =  5000 cm"'.) 

There  are  resonance  enhancement  in  absorption  spectra  when  radiative  polaritons  (I 'abry-Ferot 
modes  of  the  gap  or  the  film)  of  the  structure  cross  the  interface  vibrational  states  of  the  film  on 
the  metal  substrate  at  the  frequencies  wj  w  evro  mid  Wj  « tjio  mid  an  local  vibrations  of  impurity 
atoms  in  the  film.  The  freciueucies  of  the  interfaces  modes  wi  and  tvj  and  local  vibrations  of  impurity 
atoms  do  not  depend  from  wave  vector  in  radiative  region,  i.e.  nt  q  <  ko  [1-3]. 
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ABSTRACT 

A  quasi-optical  mode  converter  has  been  designed  to  transform  to  the  TB22,6  cylindrical  waveguide  mode  at  1 10  OHz  to 
a  Gaussian  beam  in  free  space.  The  convenor  consists  of  an  irregular  cylindrical  waveguide  section  followed  by  a  step-cut 
launching  apenure  and  several  focussing  reflecton.  The  irregular  waveguide  section,  which  is  designed  using  coupled  mode 
theory,  is  used  to  bunch  the  radiation  into  Gaussian  bundles  prior  to  the  launch.  The  reflectors  that  follow  are  designed  with 
Gaussian  optics.  A  rigorous  diffraction  theory  has  been  developed  to  analyze  the  convener  system.  The  converter  will  bo 
built  and  tested,  and  results  will  be  compared  to  the  diffraction  theory. 

2.  CONVERTER  DESIGN 

llte  quasi-optical  mode  converter  consists  of  an  Irregular  waveguide  section,  or  pre-bunchlng  section,  followed  by  a 
step-cut  launching  apenure  and  several  focussing  reflectors.  The  purpose  of  the  pro-bunching  section  is  to  obtain  a  mode 
mix  in  the  launching  waveguide  such  that  the  fletd  intensity  on  the  wall,  or  wall  currents,  are  Gaussian  in  profile.' 

A  Gaussian  profile  of  the  field  intensity  on  the  waveguide  wall  con  be  achieved  by  pumping  power  fVom  the  main 
mode,  TB,„^,  to  two  satellite  modes,  the  TXm^^  and  the  TX,^,^,  The  symbol  TX  Indicates  that  the  satellite  mode  can  bo 
either  TE  or  TM.  A  hellcoidal  convenor,  described  by  Bq.  (I),  is  used  to  obtain  this  type  of  mode  convention.^ 

r(<p.»)  ■  +ei(i)wj(Pti  -  /i(|>)4ej(i)cw(pa*  -  /a<P)l.  (1) 

where  Pi  m  -  p^),/i  ■  d:(mo  -  m^.pa  w  :i:(Po  -  Py>>fa  ■  -  my).  The  subscript  0  corresponds  to  the  main  mode, 

and  the  subscripts  I  andy  refer  to  the  first  and  second  saiollite  modes,  respectively.  Coupled  mode  theory  is  used  to  analyse 
the  operation  of  the  hellcoidal  convener. 

For  the  TBu,6  convener  under  consideration,  rm«M  is  6%  larger  than  the  cutoff  radius,  and  the  two  satellite  modes 
are  the  TBiyj  and  the  TB23,«>  The  other  modes  that  couple  to  the  TBu,«  through  the  wall  deformations  are  also  taken  into 
account.  The  resulting  Gaussian  wall  current  pattern  (Fig.  1)  has  a  peak  to  valley  ratio  of  approximately  40.  Launching  of 
the  radiation  is  achieved  by  cutting  the  wall  around  a  Gaussian  bunch,  whore  wall  current  is  at  a  minimum.  The  Stratton-Chu 
diffraction  theory  was  used  to  analyze  the  launch  of  the  radiation  from  the  pre-bunchlng  convenor.  Figure  2  shows  the 
near  field  radiation  pattern  at  the  approximate  position  of  the  first  reflector,  os  predicted  by  the  Suatton-Chu  formula.  The 
diffraction  theory  was  also  used  to  predict  the  expansion  of  the  beam.  This  theoretical  expansion  was  compared  to  the 
expansion  of  a  fundamental  Gaussian  beam  (Figs.  3  and  4)  and  good  agreement  was  obtained. 

Because  the  pre-bunchlng  launcher  radiates  a  Gaussian  beam,  the  focussing  reflectors  in  the  converter  system  were 
designed  using  Gaussian  optics.  The  diffraction  theory  can  be  used  to  theoretically  propagate  the  radiation  launched  from 
the  irregular  waveguide  through  the  mirror  system  and  predict  the  final  output  beam. 
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Figure  1,  |//|  p  on  the  wall  of  the  TE22,6  holicoldal  con¬ 
vertor. 


X  (cm) 

Figure  2.  Siratton-Chu  theory  prediction  of  the  launched 
radiation  (|£>P)  at  z  ■  4.S  cm,  the  approximate  position 
of  the  first  reflector.  Lines  of  constant  power  are  shown 


Figure  3.  HorizontuI  beam  radius  expansion.  The  elides 
Indicate  prediction  by  Strutton-Chu  theory  and  the  solid 
line  Is  the  expansion  for  a  fundumciuul  Gaussian  beam 
with  a  waist  of  0.9  cm. 


Figure  4.  Vertical  beam  radius  expansion.  The  circles 
indicuie  prediction  by  Sirutton-Chu  theory  and  the  solid 
lino  is  the  expansion  for  a  fundamental  Gaussian  with  a 
waist  of  0.19  cm. 
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ABSTRACT 

Helically  cut  antennas  with  feed  waveguide  deformations  together  with  two  or  three  matching  mirrors  are  used 
for  the  efficient  conversion  of  high  order  helically  propagating  gyrotrr  cavity  output  modes  into  a  free  space 
fundamental  Gaussian  beam.  The  aim  of  this  woik  is  to  optimize  the  shape  of  the  deformations  such  that  the 
antenna  Is  reasonably  short  and  the  conversion  efficiency  {TEn,t  to  TEMk)  remains  high. 

2.  INTRODUCTION 

Helically  cut  quasi-optical  mode  converters  [1]  are  used  In  modern  high  power  gyrotrons  [2]  to  convert  the 
rotating  high  order  cavity  volume  mode  Into  a  linearly  polarized  fundamental  Gaussian  beam.  Such  a  mode 
converter  consists  of  a  helically  cut  aperture  antenna  serving  as  a  launcher,  and  two  or  more  reflectors.  Espe¬ 
cially  for  converters  Integrated  into  the  vacuum  system  of  the  tube,  conversion  efficiencies  close  to  unity  are 
required  since  trapped  RF  energy  Jeopardizes  the  stable  operavion  regime  and  may  lead  to  heating  of  the  tube 
structure.  To  achieve  high  conversion  efficiencies  launching  an  appropriate  mode  mixture  has  been  suggested 
in  several  papers.  [3],  [4j.  However,  for  gyrotrons  operating  with  high  order  modes  the  mode  converter  ne¬ 
cessary  to  achieve  the  mixture  either  Is  that  long  that  It  will  be  difficult  to  Intergrate  It  Into  the  vacuum  system 
or  It  needs  to  be  operated  very  close  to  cutoff.  Thus,  in  this  paper  we  come  back  to  the  type  of  feed  waveguide 
deformations  proposed  in  [5].  Sinco  this  design  has  been  performed  by  means  of  geometrical  optics,  which  can 
lead  to  unexpected  results,  [6],  it  must  be  checked  by  diffraction  theory. 

In  this  paper  we  describe  the  theory  we  have  derived.  W  ':ompare  the  lengths  of  the  converters  operating  on 
different  principles  and  apply  this  theory  for  the  design  of  the  converter  system  for  a  TEti-i  mode  at  140  GHz. 

3.  LENGTH  OP  THE  CONVERTERS  OF  DIFFERENT  PRINCIPLES 

The  overall  length  of  the  converter  section  and  the  launcher  for  a  TEmn  mode  (eigenvalue  X'mn .  wave  propagation 
vectors  kn,  ki  can  be  calculated  as 

L„  -  *  CO.-  ’( J!-  -%  ■ 

\  ^  mn  '  "1  cos  — 

^  mn 

Hence,  it  increases  first  linearly  later  with  the  square  of  the  waveguide  radius  The  length  of  rippled  wall 
mode  converters  also  have  a  similar  behaviour,  but  are  generally  longer. 

4.  DESIGN  OF  THE  r£„.i  CONVERTER 

The  entire  mode  converter  system  has  to  fit  Into  the  space  between  the  uptaper  behind  the  gyrotron  resonator 
and  the  collector  which  has  its  location  determined  by  electron  beam  trajectories  In  the  DC  magnetic  field.  This 
determines  the  overall  axial  space  of  our  converter  to  330  mm  The  launcher  radius  has  been  chosen  such  that 
the  pitch  angle  of  the  operating  mode  TEn-t  is  the  about  50°.  This  leads  to  a  launcher  length  of  87  mm  and  a 
feed  waveguide  deformation  section  of  120  mm.  The  mirror  system  comprising  three  mirrors  have  to  fit  into  the 
remaining  space. 


5.  ANALYSIS  OF  THE  LAUNCHER  DEFORMATIONS 

The  feed  waveguide  deformations  calculated  by  means  of  geometrical  optics  have  to  be  investigated  using  dif¬ 
fraction  theory.  In  our  model  we  separate  the  calculation  In  axial  and  azimuthal  direction  and  solve  Huygens 
integrals  on  sufaces  depending  on  two  dimensions.  In  this  approach  we  assume  the  field  radiating  from  a  single 
causting  and  calculated  the  field  on  the  waveguide  surface  by  means  of  Hankel's  functions.  Then  we  twice 
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calculate  the  reflected  field  from  the  deformed  waveguide  mirror  surfaces  and  obtain  the  radiation  field  of  the 
launcher. 


6.  NUMERICAL  ANALYSIS  OF  THE  LAUNCHER  BY  FINITE  INTEGRATION  TECHNIQUE 

Since  the  principles  of  geometrical  optics  and  the  assumption  of  unperturbed  fields  on  the  aperture  are  not  exact, 
numerical  methods  have  to  be  used  taking  into  account  reflection  and  diffraction  caused  by  the  cut.  Discretiza¬ 
tion  of  the  geometry  shows  that  the  number  of  gridpoints  increases  with  the  square  of  the  waveguide  radius  so 
it  is  advantageous  to  investigate  the  radiation  behavior  of  the  helically  cut  aperture  antenna  closer  to  cutoff  in 
order  to  reduce  the  computational  effort.  A  commercial  code  [7]  based  on  the  finite  integration  technique  which 
solves  Maxwell's  equations  in  time  domain  was  applied  to  the  three  dimensional  problem  of  an  undeformed 
launcher  excited  by  waveguide  modes.  The  program  simulates  free  space  radiation  with  absorbing  boundary 
conditions,  waveguide  excitation  can  be  mcielled  and  bacKscatterIng  can  be  analyzed,  after  some  modifications 
of  the  computer  code,  especially  for  the  possibility  to  handle  a  mode  mixture  of  rotating  high  order  modes. 

First  test  calculations  (  parameters;  140  GHz  /?«■->  8.9  mm,  rotating  TE^.t  a  70*  pitch  angle)  showed  that 
the  tangential  field  distribution  on  the  aperture  (  0^x^Rm,y*‘0,0<iz^2nR„Hana  )  distinguishes  from  the 
usually  assumed  constant  amplitudes  in  axial  direction.  In  Fig.1  one  can  see  a  decay  of  the  amplitudes  to  the 
end  of  the  cut  an  oackwards  travelling  waves  due  to  power  reflection.  Both  effects  are  expected  fo  be  negligible 
for  Increasing  waveguide  radius  which  has  to  be  verified  by  further  computations,  also  Including  the  proper  mode 
mixtures  proposed  In  [4]  . 


Flg.1  :  Model  of  the  simulated  launcher  and  coordinate  system  (left)  and  square  of  the  tangential  electric  field 
amplitude  on  the  aperture  (right). 
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Introduction 

Several  gyrotrons  currently  under  development  have  cavidei  that  operate  in  rotating  modes 
with  veiy  high  azimuthal  indices  m  such  as  a  rotating  TBi5^  or  circular  waveguide  mt^.  If  n 
«  m  as  well,  these  modes  are  sometimes  called  whispering  gallery  modes.  It  is  desirable  to  be  able  to 
produce  these  modes  at  low  power  bom  the  TB|q  mo^  in  standard  dominant-mode  rectangular 
waveguide  so  that  components  to  be  used  within  or  in  corjuncdon  with  these  gyrotrons  can  be  more 
easily  tested  Recently  we  discussed  the  principles  of  operation  of  a  device  which  can  be  used  to  generate 
such  high  azimuthal  index  modes  using  an  azimuthal  array  of  aperhires  in  the  circular  waveguide  [1]. 
Other  methods  of  generating  WO  modes  have  also  been  develop^  One  uses  a  helical  mulUfoil  [2],  and 
another  uses  a  cylindrical  input  cavity  within  a  coaxial  cavity  [3].  The  azimuthal  aperture  array  method 
has  the  possible  advantage  that  more  than  one  different  WO  mode  with  the  same  azimuthal  index,  m, 
could  be  generated  with  the  same  device.  Also,  both  senses  of  rotation  and  any  degree  of  rotadon, 
including  a  stadonary  nKxle,  can  be  produced  with  one  device  for  possible  tesdng  purposes. 

Description  of  the  Azimuthal  Aperture  Array  Mode  Generator 

In  the  azimuthal  aperture  array  mode  generator,  the  apertures  are  excited  by  a  dominant-mode 
rectangular  waveguide  which  is,  in  effect,  wrapped  around  the  circular  waveguide,  as  shown  in  Figs.  1 
and  2.  For  simple  synchronous  operation,  the  number  of  wavelengths  in  this  azimuthal  rectangular 
waveguide  should  be  equal  to  the  azimuthal  index  of  the  desired  mode  in  the  circular  waveguide.  In 
order  to  excite  a  purely  rotating  mode  in  the  circular  waveguide,  a  pure  traveling  wave  must  be 
established  in  the  azimuthal  rectangular  waveguide.  The  nuxie  widi  the  desired  radial  index  n  is  selected 
by  forming  a  cavity  in  the  circular  waveguide  between  a  movable  short  circuit  and  a  partially  transmitting 
screen  as  shown  in  Fig.  1.  The  coupling  is  strongest  to  the  mode  with  the  highest  radial  index  (for  the 
desired  m-index)  that  can  propagate  in  the  cavity.  Thus,  it  is  advantageous  to  make  the  circular 
waveguide  cavity  radius  a  little  smaller  than  the  cutoff  radius  for  the  mode  with  the  next  highest  radial 
index.  It  is  also  desirable  to  have  the  amplitutte  of  the  traveling  wave  in  the  azimuthal  rectangular 
waveguide  as  nearly  constant  as  possible  along  the  length  of  this  waveguide.  To  do  this  it  is  necessary 
to  keep  the  coupling  through  the  apertures  relatively  low.  Thus,  in  order  to  keep  the  efficiency  of  the 
device  as  high  as  possible,  it  is  desirable  for  the  azimuthal  rectangular  waveguide  to  act  as  a  traveling 
wave  resonator  to  increase  the  amplitude  of  the  traveling  wave. 

The  usual  traveling  wave  resonator  design,  shown  in  Fig.  3,  uses  a  directional  coupler  to  excite  the 
resonant  ring.  Here  the  degree  to  which  the  wave  in  the  ring  is  purely  a  traveling  wave  depends  upon  a 
high  directivity  in  the  directional  coupler.  The  coupling  of  the  input  power  to  the  ring  is  optimum  (total) 
when  the  coupling  factor  k  is  equal  to  the  attenuation  factor  in  the  ring  [4].  Neither  the  directivity  of  the 
directional  coupler  nor  the  coupling  factor  are  easily  adjusUble  after  fabrication.  A  alternate  method  of 
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producing  a  pure  traveling  wave  uses  two  tees  with  a  short  circuit  in  one  as  shown  in  Figs.  1  and  4.  This 
paper  will  discuss  the  analysis  of  this  type  of  traveling-wave  resonator. 
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Pig.  1.  A  cut-away  view  of  the  mode  generator.  Pig.  2.  Side  view  of  mode  generator  showing  field  coupling 

through  the  apertuiea. 


Fig.  3.  A  conventional  traveling  wave  resonator.  Pig.  4.  -Two  waveguide  tees  connected  to  produce  a 

traveling  wave  in  a  ring. 
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ABSTRACT 

Circular  coaxial  structures  have  been  analyzed  using  a  Scattering  Matrix  Code  (SM-Code).  The  mathematical 
formulation  is  given  in  [1].  The  SM-Code  includes  ohmic  losses  and  avoids  the  relative  convergence  problem  [2]. 
This  gives  the  possibility  to  use  a  laige  number  of  diameter  steps  in  order  to  analyze  long  (1>X)  overeized 
continuous  waveguide  structures  like  coaxial  gyrotion  cavities.  Standard  cavities  with  abrupt  Junctions,  improved 
cavities  with  rounded  contours  and  cavities  including  a  conical  inner  conductor  have  been  analyzed. 

INTRODUCTION 

Ov'o.rsized  resonators  suffer  the  problem  of  quasi  degenerated  modes  with  nearly  equal  eigenvalues.  One  possible 
way  to  separate  the  eigenvalues  for  a  fixed  outer  diameter  is  to  use  a  coaxial  cavity  [3].  The  eigenvalues  of  the 
circular  waveguide  are  increased  if  the  inner  conductor  overlaps  the  caustic  region.  This  effect  shifts  several 
eigenmodes  into  the  cutoff  region  and  reduces  the  number  of  possible  resonances  (mode  competition).  Additional 
the  transversal  field  structure  of  coaxial  eigenmodes  depends  on  the  inner  to  outer  conductor  diameter  ratio  and 
complicates  the  numerical  description  [4].  The  same  mathematical  formalism  has  been  used  for  resonators  with 
circular  [5]  and  rectangular  [6]  cross  section.  A  gaining  medium  (electron  beam)  with  a  Gaussian  amplifleation 
proflle  in  the  resonator  has  been  assumed.  A  resonator  geometry  for  the  TEji  u-mode  at  140  GHz  including  the  gain 
profile  is  shown  in  Fig.l.  The  frequency  region  where  the  resonance  occurs  can  be  determined  by  feeding  the  cavity 
with  a  pure  TEn, ,,-mode  from  the  output  side  corresponding  to  the  dip  shown  in  Fig.2.  The  exact  resonance 
frequency,  the  gain  factor  and  the  quality  factor  are  calculated  by  solving  the  eigenvalue  problem.  Rounded  cavities 
have  been  modeled  using  a  large  number  of  diameter  vuriations  (e.g.  200  unit  cells).  Due  to  the  radial  symmetry 
of  the  coaxial  cavity  only  waveguide  modes  with  the  same  radial  index  have  to  be  taken  into  account.  This  means 
that  the  TEM-mode  can  not  be  excited  by  symmetrical  diameter  steps  if  the  radial  index  is  larger  than  zero. 

NUMERICAL  RESULTS 

The  discrete  structure  (unit  cell  with  a  step  in  diameter)  is  described  by  the  wave  phenomena  of  an  incident  and 
a  reflected  wave  which  is  equivalent  to  a  second  order  difference  equation.  The  numerical  integration  of  the 
difference  equations  leads  to  the  Overall  Scattering  Matrix.  The  eigenvalue  equation  is  solved  using  this  Overall 
Scattering  Matrix.  This  gives  the  resonance  frequency,  the  gain  factor  and  the  quality  factor  of  the  cavity. 
Unphysical  singularities  in  the  propagation  constants  will  cause  convergence  problems  and  can  be  avoided  using 
a  modified  Schaffelt-Bayer-formula  [7] 

A 140  GHz  gyrotron  cavity  oscillating  in  the  TE,,, ,,-mode  is  examined.  Adiabatic  transitions  (rounded)  show  higher 
mode  purities  compared  to  standard  cavities  [8].  Table  1  gives  the  numerical  results  for  the  cutoff  and  the  output 
tapers  with  a  pure  TE,,, ,,-mode  excitation  and  for  the  complete  resonators  (standard  cavity  and  rounded  cavity). 
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mode 

abnipl  jHaelloni 

rouided  jBactloaa 

ataadard  cavity 

rouded  oivity 

cvlotr  taper 

output  taper 

cutoft  taper 

output  Uper 

backward 

forward 

backward 

roiward 

backward 

farward 

backward 

forward 

backward 

forward 

backward 

forward  || 

mm 

0.095 

0.091 

0.027 

0.154 

0.005 

0.001 

0.001 

0.106 

0.149 

0.246 

0.004 

0.142  y 

1  te,,.,, 

0.499 

0.446 

0.079 

0.777 

0.086 

0.107 

0.000 

0.341 

0.590 

0.452 

0.054 

0.243 

Km 

0.000 

97.231 

17.039 

80.860 

0.000 

98.118 

12.113 

86.428 

0.000 

98.061 

0.000 

99.272 

1 

0.000 

0.000 

0.000 

0.179 

0.000 

0.000 

0.000 

0.153 

0.000 

0.210 

0.000 

0.173 

Table  1;  Modal  power  in  [%]  in  the  main  modes  by  feedii^  cutoff  and  output  taper  with  a  pure  TE], ,,3-mode  and 
for  the  standard  and  rounded  cavities  at  resonance  (ohmic  losses  are  included). 

SUMMARY 

Oversized  coaxial  gyrotron  cavities  have  been  analyzed.  High  output  mode  purity  has  been  obtained  using  rounded 
transitions.  The  SM-Code  can  describe  the  resonant  cavity  including  the  output  taper.  The  high  numerical  stability 
of  the  SM-Code  enables  to  model  continuous  structures  described  by  a  large  number  of  diameter  steps  for 
rectangular,  circular  and  coaxial  cross  sections. 
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COAXIAL  CAVITY  GEOMETRY 
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Figl.  Resonator  geometry  Including  'issi'med  Fig2.  Reflection  of  the  cavity  excited  from  the 

gain  profile  output  side 
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Spurious  mode  generation  at  the  same  fre¬ 
quency  of  the  operational  mode  in  a  high  power 
gyrotron  can  significantly  reduce  the  power 
handling  capability  and  the  stability  of  a  gy¬ 
rotron  oscillator  because  these  mode  are  usu¬ 
ally  not  matched  at  the  output  window  and 
thus  have  high  absorption  and  reflection  rates. 

In  this  paper  we  study  two  possible  mecha¬ 
nisms  for  parasitic  mode  generation  in  a  high 
power  gyrotron  oscillator.  One  is  the  mode 
t»'ansformation  caused  by  the  waveguide  in- 
liomogeneity.  The  other  is  the  gyroklystron 
effect.  The  first  mechanism  is  relatively  well 
understood.  The  power  transformed  from  the 
operational  mode  into  neighboring  modes  de¬ 
pends  mainly  on  the  gradient  of  the  waveg¬ 
uide  radius  and  the  power  contained  in  the 
operational  mode*.  For  a  given  tube,  the  per¬ 
centage  of  power  transformed  into  a  parasitic 
mode  should  not  depend  sensitively  on  ihe  ap¬ 
plied  axial  magnetic  held. 

The  gyroklystron  effect  on  the  other  hand 
relies  on  a  resonant  condition, 


where  z  is  the  axial  coordinate  pointing  in  the 
.same  direction  as  the  electron  beam  travels,  u' 
is  the  microwave  frequency,  n(:)  =  eB{s]fjmc 
is  the  relativistic  electron  cyclotron  frequency, 
B{z)  is  the  DC  axial  magnetic  field.  is  the 
axial  velocity  of  the  electron  beam,  and  h.{z) 
is  the  axial  wavenumber  of  a  waveguide  mode. 
For  different  waveguide  modes,  the  resonant 
condition  (1)  is  sati.sfied  at  a  different  loca¬ 
tion  The  oiierational  mode  usually  ratisfies 
the  relation  in  a  streight  .section  of  the  cavity, 
where  the  main  interaction  take.s  place.  Af¬ 
ter  the  main  interaction,  the  electron  beam  is 
Ininched  in  phase,  When  tlie  bunclied  beam 


travels  downstream  and  reaches  a  point  where 
another  mode  satisfies  the  resonant  condition 
the  bunched  beam  can  excite  this  mode.  This 
effect  is  refered  to  as  the  gyroklystron  effect. 
In  this  case,  because  the  resonant  condition  in- 
volv'js  the  axial  magnetic  field  B{z),  the  level 
of  parasitic  mode  excitation  is  expected  to  de¬ 
pend  sensitively  on  the  magnetic  field. 

To  study  the  spurious  mode  generation  due 
to  the  mode  transformation  and  the  gyroklys¬ 
tron  effects,  we  have  developed  a  computer 
code,  which  solves  a  set  of  single  frequency 
ti.ne-dependent  gyrotron  equations  self-consis- 
tently.  This  code  can  include  an  arbitrary 
number  of  TE  and  TM  modes  and  can  ac¬ 
count  for  mode  transformation.s.  It  can  also 
include  reflection  for  selected  modes  at  the 
output  boundary^. 

The  computer  code  is  u.sed  to  simulate  a 
recent  experiment  performed  at  General  Atomic 
(GA)  on  a  Varian  built  TEjs.j  mode  110  GHz 
SOOkW  CW  gyromonotron^.  The  experiment 
observed  excitations  of  spurious  modes  with 
power  as  high  as  10%  of  the  operational  mode. 
The  power  in  these  parasitic  modes  was  found 
to  be  sensitively  dependent  or  the  axial  mag¬ 
netic  field.  Our  simulations  are  performed 
with  bemi  parameters  of  80  kV  beam  volt¬ 
age,  22  amperes  beam  current  and  1.5  velocity 
ratio.  The  first  set  of  jiimulations  were  done 
with  an  uniform  magnetic  ii?ld.  The  output 
power  of  .some  selected  nodes  are  plotted  in 
Fig.  1  as  functions  of  the  axial  magnetic  field. 
It  .shows  that  the  power  in  TEij.a  and  TMis.^ 
is  about  1%  of  the  uOtal  power  and  is  sensitive 
to  the  magnetic:  field.  The  next  step  we  took 
was  to  use  tlie  actual  magnetic  field  tapering 
measured  in  the  experiments.  The  simulation 
results  are  plotted  in  Fig.  2.  Here  the  taper¬ 
ing  in  the  magnetic  field  reduct.s  the  maximum 


329 


W1.5 


output  power  in  ali  mode.'t.  We  have  also  per¬ 
formed  simulations  in  which  we  turned  off  the 
coupling  between  the  parasitic  modes  and  the 
electron  beam.  The  output  power  obtained  of 
such  simulations  are  very  close  to  that  shown 
in  Fig,  2.  Therefore  in  this  case  the  parasitic 
modes  are  mainly  generated  through  the  mode 
transformation  mechanism.  This  rj.sult  is  con¬ 
sistent  with  the  fact  that,  as  shown  in  Fig.  2, 
the  power  in  the  parasitic  modes  are  not  sen¬ 
sitive  to  the  magnetic  field.  Fig.  3  shows  the 
results  of  our  third  study  where  100%  reflec¬ 
tion  was  included  for  all  parasitic  modes  at  the 
output  boundary.  In  this  case,  the  power  of 
the  parasitic  modes  plotted  is  not  the  output 
power  but  the  power  that  oscillates  inside  the 
tube.  It  is  shown  in  Fig.  3  that  the  power  in 
TF,is,3  can  reach  more  than  10%  of  the  total 
output  power  and  is  very  sensitive  to  the  axial 
magnetic  field. 

Based  on  the  simulation  results  described 
above,  we  conclude  that  mode  transformation 
and  gyroklystron  effects  can  excite  parasitic 
inodes  to  unacceptable  levels  in  high  power 
gyrotron  oscillators.  However,  these  two  ef¬ 
fects  can  not  fully  explain  the  experimental 
observations  made  at  GA  because  the  only 
case  in  our  simulations  where  the  power  in  a 
parasitic  mode  exceeds  10%  of  the  total  power 
is  when  the  output  section  has  unreasonably 
high  reflection  for  this  mode.  Therefore,  other 
effects  may  also  have  contributed  to  the  gen¬ 
eration  of  parasitic  modes  in  the  GA  experi¬ 
ment. 
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ABSTRACT 

The  quasioptical  gyrotron  (QOG)  is  under  development  at  the  Naval  Research  Laboratory  as  a  tunable,  high  power 
source  of  millimeter-wave  radiation[i].  A  recent  gyroklystron  experiment  has  demonstrated  operation  as  an  amplifier, 
a  fVee-rurining  oscillator,  a  mode-primed  oscillator,  and  a  phase-locked  oscillator.  Two  mode  selection  techniques, 
alpha  priming  and  mode  priming,  have  been  shown  to  increase  the  frequency  detuning  and  efficiency  of  the  operating 
mode  in  the  gyroklystron.  These  two  effects  are  also  observed  in  the  time-dependent,  multimode  computer  simulations, 
where  It  is  shown  that  the  gyroklystron  is  operating  in  the  hard  excitation  region  of  parameter  apace. 

EXPERIMENT  .*  SET-UP 

The  gyroklystron  consists  of  a  pair  of  quasioptical  resuiia»urs  separated  by  a  10  cm  drift  region.  The  output 
resonator  comprises  a  pair  of  6.5  cm-diameter  mirrors  with  a  radius  of  curvature  of  38.7  cm  and  a  quality  factor 
Q  w  37000.  The  mirror  separation  is  varied  from  20-28  cm  using  micrometers  mounted  outside  the  magnet  dewar 
so  that  the  frequency  is  continuously  tunable.  The  resonator  axis  is  tilted  by  2*  relative  to  the  plane  perpendicular 
to  the  axis  of  the  electron  beam.  Tilting  the  resonator  axis  allows  each  electron  to  Interact  with  both  even  and 
odd  longitudinol  modes  in  the  output  resonator,  which  increases  the  efficiency  and  region  of  stable,  single-mode 
operatlon[2].  The  prebunching  resonator  is  formed  by  a  pair  of  3.1  cm-diameter  mirrors  with  a  centered  hole  in  each 
mirror  for  input  and  output  coupling  of  the  1.5  kW  extended  interaction  oscillator  (EIO)  signal.  The  low  quality 
factor  (Q  &  2000)  of  the  prebuncher  is  required  to  prevent  oscillations  in  the  input  resonator.  Typical  gyroklystron 
operating  parameters  are  70  kV  beam  voltage,  5  A  beam  current,  and  a  measured  pitch  angle  (or  a  t>i/t;||)  of  1.9. 

Compcilson  with  theory  is  made  using  a  computer  code  which  includes  the  effects  of  the  annular  electron  beam, 
even  and  odd  longitudinal  resonator  modes,  the  tilted  output  resonator,  the  finite  rise  of  the  beam  voltage  and  electron 
perpendicular  velocity,  and  space  charge  as  the  electrons  traverse  the  output  resonator.  At  present,  the  code  does  not 
account  for  energy  spread,  velocity  spread,  or  second  harmonic  radiation.  Mode  priming  in  simulated  by  prebunching 
the  electron  gyrophases  according  to  0  =  0o  +  f  cos^o  for  2  psec  during  the  rise  of  the  voltage  pulse.  A  bunching 
parameter  9  =  2  is  used  for  the  simulations  presented  in  this  paper.  Alpha  priming  is  modelled  by  allowing  the 
perpendicular  velocity  of  the  electrons  to  rise  0.25  psec  faster  than  the  voltage  in  the  simulations. 

EXPERIMENTAL  RESULTS 

A  plot  of  measured  and  calculated  efficiency  versus  normalised  frequency  detuning  is  given  in  Figure  1(a)  for 
mode  priming  by  prebunching  the  beam  for  a  current  of  4.5  A.  The  normalised  fVequency  detuning,  or  transit  angle, 
is  related  to  the  more  familiar  gyrotron  parameters  via  6  =  ^pA.  Measured  values  of  ot  rise  linearly  f^om  1.4-1 .9 
over  this  range  of  detunings,  whore  the  gyroklystron  operates  in  a  stable,  single  mode.  The  simulation  uses  pitch 
angles  from  1.3-1. 6,  since  higher  values  result  in  multimode  output  states  in  the  code.  Mode  priming  allows  for  higher 
detuning  and  higher  efficiency  than  can  be  obtained  with  the  free-running  oscillator.  If  the  detuning  is  increased  past 
6  s  4.0,  mode  competition  occurs  between  the  desired  85,5  GHz  mode  and  lower  frequency  modes.  Above  6  s  3.0, 
the  gyroklystron  is  operating  in  the  hard  excitation  regime  where  the  beam  current  is  lower  than  the  start  current  of 
the  operating  mode  (/  <  /h).  The  peak  gyrotron  efficiency  is  usually  contained  in  the  hard  excitation  region. 

A  similar  plot  of  efficiency  as  a  function  of  frequency  detuning  is  shown  in  Figure  1(b)  for  the  case  of  alpha 
priming.  The  resistive  divider  circuit  which  powers  the  mod  anode  of  the  electron  gun  is  ac^usted  so  that  o  rises  0.1 
psec  more  rapidly  during  the  rise  of  the  voltage  pulse.  This  tends  to  excite  a  longitudinal  mode  earlier  in  time  at 
slightly  lower  voltage.  The  overall  effect  of  alpha  priming  is  very  similar  to  mode  priming:  higher  frequency  detuning 
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Figure  1:  Efficiency  versus  normalised  frequency  detuning  6  for  (a)  mode  priming  and  (b)  alpha  priming. 


and  higher  efficiencies  are  obtained  compared  to  gyroklystron  operation  with  no  priming.  Alpha  priming  does  not 
require  prebunching  the  electron  beam,  so  that  this  technique  should  be  useful  in  single-cavity  oscillator  experiments. 
A  maximum  detuning  of  ^  =  4.4  is  obtained  in  the  experiment,  which  corresponds  to  a  measured  efficiency  of  30% 
and  an  electronic  efficiency  of  22%,  which  accounts  for  ohmic  losses  in  the  output  resonator.  Measured  efficiencies 
are  still  somewhat  lower  than  the  simulations,  but  it  is  unlikely  that  this  is  due  to  insufficient  frequency  detuning. 
Refinements  to  the  code,  including  velocity  spread  and  energy  spread  of  the  electron  beam,  may  provide  insight  to  the 
differences  between  theory  and  experiment. 
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1.  ABSTRACT 

The  complex  cavity  is  very  attracUve  because  of  its  excellent  ability  of  mode  selecUon  and  the  simplicity  of  the 
structural  configuraUon  (hollow  waveguide  with  different  diameters).  However  the  very  strong  requirement  posed  on  the 
manufacturing  accuracy  makes  the  complex  cavity  fading  from  the  front  stage  of  gyrotron  research.  In  this  paper,  a  novel 
modification,  which  overcomes  this  problem  without  sacrificing  Uie  ability  of  mode  dlsciimlnaUon  of  the  complex  cavity, 
Is  proposed.  This  advanced  complex  cavity  has  o  simple  structure  and  fits  the  existing  manufocturlng  technologies. 
Therefore,  it  is  suitable  for  multi-megawatt  gyrotrons. 

2.  THE  ADVANCED  COMPLEX  CAVITY 

In  order  to  overcome  Ute  problem  of  mode  competition  in  high  power  gyrotrons,  several  approaches,  such  as  die 
complex  covity  [1-3],  the  coaxial  cavity  [4],  the  two-secUon  cavity  [S]  and  the  quasl-opUcal  Fabry-Perot  cavity  [6,7]  ore 
investigated  in  different  laboratories  around  Ute  world.  From  the  theoretical  point  of  view,  the  ordinary  complex  cavitiy  is 
very  attracUve  because  of  Its  excellent  ability  of  mode  discrUninaUon,  which  is  resulted  from  its  specific  structural 
configuraUon.  A  complex  cavity  Is  composed  of  two  segments  of  different  radii  os  shown  In  Ute  Fig.  la  (we  coll  the  smaller 
one  the  flrst  segment  and  the  larger  one  the  second  segment,  which  is  the  main  InteracUon  segment  of  the  gyrotron).  The 
resonant  modes  in  these  two  segments  have  Ute  some  azimuthal  mode  indexes  but  different  radial  mode  Indexes,  i.e.  Uie 
TB,n  n  mode  In  the  second  segment  and  the  TE,„  mode  in  the  first  segment.  The  radii  of  the  two  segments  are  chosen  so 
Utat  the  operating  TE„  „  mode  and  Its  most  dangerous  compeUng  modes  are  excluded  in  the  first  segment,  because  Uiey  are 
beyond  cutoff.  The  suucture  of  die  'I'Gnt.n-k  segment  fits  to  the  structure  of  the  TB„  „  mode  in  Uie  second 

segment  in  Uie  corresponding  cyllndrlc  area.  The  elecuons  interact  with  the  TE„  mode  in  Uie  some  way  os  if  they  were 
interacUng  wlUi  Uie  TE„  „  mode,  because  Uie  two  modes  appear  to  be  the  sarnie  along  the  electron  pathway.  When  Uie 
electrons  enter  the  second  segment,  they  have  already  been  bunched  by  the  TE„,  „.|;-mode  and  conUnue  to  internet  with  Uic 
TE„  „  mode.  In  other  words,  the  operaUng  TE„  „  mode  has  a  subsUtute  mode  working  on  behalf  of  It  In  the  first  segment, 
but  the  compeUng  modes  do  not.  This  Is  Uie  bulc  idea  of  how  a  complex  cavity  con  effecUvely  suppress  the  competing 
modes  In  high  power  gyrotrons.  It  is  obvious  Uiat  the  resonant  frequencies  of  Uio  operaUng  'rE„  „  mode  and  its  partner,  Uie 
di(^c,  should  be  equal  to  each  oUier  to  ensure  Uie  Ught  coupling  between  them.  Otherwise,  Uie  complex  cavity 
would  not  work.  Unfortunately,  even  a  smallest  manufacturing  tolerance  of  Uie  cavity  radii  may  cause  a  considerable 
frequency  mismatch  and  severely  affect  die  gyrotron  performance.  The  resonant  condition  of  die  complex  cavity  is 
determined  by 

(1) 

where  k.,  is  die  longitudinal  wave  number,  L2  Is  the  effective  field  profile  length  in  the  main  segment,  0|  and  02  ttre  Uie 
phase  Jumps  at  Uie  cross  sections  Z2  and  Z3  respecUvely.  In  Uie  case  of  a  gyrohon  cavity  0|,  02  and  L2  can  be  regarded  us 
constants.  In  order  to  keep  Uie  resonant  condiUon  k2  must  be  kept  constant.  That  means  If  Uiere  is  any  manufacturing  error, 
die  fn  uency  (co)  must  shift  to  offset  die  effect  caused  by  the  change  of  R.  For  exomple,  in  die  case  of  a  140  GHz  gyrotron 
using  the  TB22,6  mode,  Uie  cavity  radius  is  IS. 56  mm.  If  Uie  manufacturing  error  is  0.01  mm,  Uie  corresponding  frequency 
shift  Is  about  die  half  wldUi  of  Uie  resonant  curve  of  a  cavity  of  (>1500  (Fig.  lb).  Obviously  It  is  not  a  good  situation,  that 
u  complex  cavity  operates  wiUi  such  a  frequency  mismatch.  In  order  to  overcome  Uils  problem,  small  tapers  are  introduced 
into  an  ordinary  complex  cavity  as  shown  in  Fig.  2a.  The  operaUng  TE„,  „  mode  in  Uie  second  segment  is  bounced  buck  and 
force  between  the  cutoff  cross  section  Z2  and  the  joint  secUon  z^  to  form  the  resonance,  the  resonant  condition  of  this 
modified  cavity  now  becomes 


zh  k^-dl +  01  +  02  “2n;  (2) 
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I’hc  Important  factor  is  that  the  effective  cavity  length  Lj  Is  no  longer  fixed,  because  Is  not  fixed.  .Suppose  die 
radius  Rj  is  slightly  larger  than  that  it  should  be  (AR>0),  because  of  the  manufacturing  uncertainty.  The  resonant  frequency 
will  shift  lower,  resulting  In  a  shifting  of  the  position  of  the  cutoff  cross  section,  z^,  to  the  larger  cavity  radius  (I.e,  towards 
tlic  Z;,  in  I'ig.  2a).  The  cavity  length  Lj  becomes  shorter.  This  in  turn  tends  to  Increase  tlie  re.sonant  frequency.  .Since  die 
two  effects  on  the  resonant  frequency  go  in  opposite  direcdons  (one  tends  to  decrca.se,  anodter  tends  to  increusc  die 
frequency),  dicy  offset  each  odier  (if  AR<()  die  two  effects  also  offset  each  odter).  The  modified  complex  cavity  is  rendered 
less  sensidve  to  a  cliangc  of  die  cavity  radius.  The  siune  strategy  can  be  used  again  in  die  first  segment  of  die  complex 
cavity,  us  shown  in  I'ig.  2u.  Wldi  diis  double  modifications,  the  tolerance  of  die  frequency  to  die  AR  cun  be  improved 
further.  Now  take  the  same  case  of  the  above  mentioned  TE22,6  mode  gyrotron  with  a  modifled  complex  cavity.  .Suppose 
only  die  second  segment  is  modified  with  an  insertion  of  a  0.3  degree  taper  and  the  cavity  quality  factor  Is  also  I. ^00.  The 
frequency  shift  corresponding  to  AR»().01  mm  is  reduced  to  about  half  of  the  frequency  shift  of  a  ordinary  complex  cavity 
us  shown  in  die  l  ig.  2b.  If  the  first  segment  is  also  modified,  the  frequency  shift  should  be  even  smallc. 


*3 


(a)  (b) 

Fig.  1;  Ordinary  complex  cavity  with  frequency  mismatch 


Fig.  2; 


(a)  (b) 

Advanced  complex  cavity  (only  segment  2  is  modified)  with  reduced  frequency  mismatch 
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ABSTRACT 

The  design  is  presented  of  a  150  kW,  17.4  QHz,  slxth-harmonlc  gyiD*multlpller,  which  is  under  construction,  and 
will  be  driven  by  a  300  keV,  1 .7  A  prebunched  axli-endrcling  electron  beam  produced  in  a  1  MW,  2.9  QHz  gyroresonant 
rf  accelerator 


1.  THEORY 

An  exciting  new  high  power  millimeter  and  iub*mlltlmMer  wave  source  is  under  farther  development  at  UCLA.  A 
gyrofrequency  multiplier  exploits  the  bunched  nature  of  the  rotating  iplral-sh^ed  electron  beam  which  emerges  fnm  a 
gyroresonant  rf  accelerator.  The  gyroflrequency  multiplier  emits  at  a  harmonic  of  the  accelerator  and  electron  cyclotron 
frequencies  making  it  possible  to  operate  with  reduced  magnetic  fields  and  to  multiply  the  frequency  of  existing 
microwave  and  millimeter  wave  high  power  sources.  A  proof>ofi)rinclple  experiment  at  the  thlrd>harmonlc  without 
magnetic  tapering  generated  7  kW  at  28  OHz  with  13 Vo  efficiency.^ 

In  the  Input  TB]  ( j  accelerator  cavity  of  a  gyrofrequency  multiplier  (see  Pig.  1),  low  frequency  microwaves  tuned  to 
the  cyclotron  frequency  accelerate  and  bunch  initially  low  energy  electrons  to  form  an  axls-enclrcllng  beam  rotating  at 
the  accelerator's  frequency. If  the  resonant  frequency  of  the  output  cavity's  TB^ma  mode  harmonic 

of  tho  accelerator,  then  the  angular  velocity  of  the  wave  matches  that  of  the  helled  oeam  and  each  electron  enters  the 
interaction  cavity  at  the  same  optimal  decelerating  phase.  By  properly  tapering  the  magnetic  field  so  that  the  harmonic 
cyclotron  resonance  condition,  cstmiq  "  nn^  kxV^,  is  satisfied,  the  electroni  will  continue  to  lose  energy  throughout  the 
cavity.  In  the  limit  of  an  Inflnlteslmslly  tlw  electron  beam,  all  electrons  follow  the  same  trajectory  and  the  conversion 
efficiency  of  the  electron  beam's  energy  Into  the  high  frequency  wave  can  exceed  50Vo.^ 

2.  DESIGN 

Using  a  nonlinear  partlcle>traclng  simulation  code^,  a  slxth'harmonlc  ITleiz  gyro>multiplier  has  been  designed  to 
yield  32%  efficiency.  Figure  2  shows  the  Interrelation  between  the  device's  beam  power,  conversion  efficiency  and 
harmonic  output  power  for  a  163o  linear  magnetic  downtapo*.  The  depletion  of  the  total  and  transverse  beam  energy  over 
the  length  of  tho  interaction  cavity  is  depicted  in  Fig.  3.  By  lengthening  the  cavity,  the  required  beam  power  to  achieve 
optimum  efficiency  can  be  reduced,  as  shown  in  Fig.  4  for  a  nonlinear  magnetic  field  taper  which  satisfies  the 
gyroresonance  condition. 

An  experiment  to  produce  130  kW  at  17.4  QHz  with  the  design  parameters  listed  in  Table  I  is  currently  under 
construction  at  UCLA.  The  TE]  j  |  mode  gyroresonant  rf  accelerator  will  be  driven  by  a  1  MW,  2.9  OHz  klystron  which 
will  produce  an  axis>cncircling  beam  with  the  characteristics  shown  in  Fig.  3.  The  magnetic  field  will  be  tuned  to  satisfy 
the  gyroresonance  condition  in  both  the  accelerotor  and  multiplier  cavities. 

In  a  fliture  experiment  using  an  available  20  MW,  8.5  QHz  klystron,  a  higlter  frequency  multiplier  will  emit  in  the  85 
to  170  OHz  region  with  power  levels  of  approximately  2  MW. 

This  work  has  been  supported  by  AAO  under  Contiact  DAAH04>93«C-0084  and  Rome  Laboratory  (ATRl)  under 
Contract  P30602-91-C-0020. 
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Fig.  4.  Dependaoea  of  optimum  affloleooy  end  beun  power 
(timaa  oavlty  Q)  on  eavlty  length  Ibr  a  magnatio  field 
taper  that  preaatraa  gyiereaenanoa  CIB(i2 

1^.1. 1.  Pifmrtf  for  Sl>rth.Hirmi>.>lo 

avmfieauennv  Multloller 


Fig.  5.  Dependenoa  of  output  alootron  energy  and  axial  raloolty  o 
tha  leat  maaa  aleotion  oyolotron  fiaqiunoy  to  aooelarator 
fiaquenoy  ratio  (Vju  -  68  ktV,  P|,j  -  750  kW,  Q  ■  400). 
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THEORETICAL  AND  EXPERIMENTAL  INVEBTIBATION 
OF  X-BAND  TWO-CRyiTY  0YROKLY8TRON 

I.I.Ant«hoV(  M.A  Moiitiv,  E.Y. Sokolov  ond  E. V.Zoiypkin 

Inititut*  of  Applied  Phyiict,  Rutolan  Acadtoy  cf  Bcitnct 
46  Uljanov  St.,  603600|  Niihny  Novgorodi  RuttU 


ABSTRACT 

Utlng  «iIf-coniiittnt  flild  thoory  Iho  intoractlon  of  iltctron  flow  with 
HP  fitldi  in  tht  eavititt  of  a  gyr'oklyttron  hat  baan  analisad.  At  a  raiult, 
optiial  paraaatara  of  tha  output  eavlty  corratponding  to  tha  aaMiaua 
affieiancy  havt  baan  founds Enpariiantal  study  of  tha  dapandanciai  of 
afficitncy  on  Q-faetor  and  langth  of  tha  output  cavity  hat  baan  carriad  out 


S. THEORY  AND  NUMERICAL  SIMULATIONS 


In  tha  fnaaawonk  of  our  ordinary  attuaptiont  (  a  waakly  -  ralativiatic 
■ono-valocity  alactron  baao  intaractt  M^ah  a  TE-ioda  of  a  cavity  at  tha 
fundaoantal  cyclotron  fraquancyiRP  tpaea  chargw  affactt  ara  nagligibly  taall) 
tha  intaraction  of  tha  alactron  baaa  with  tha  RF  fiald  in  tha  output  cavity 
it  eharactariiad  by  tha  orbital  affieiancy  y),  which  it  aqua!  to  tha  ratio  of 

■JL 

anargy  axtractad  by  tha  HP  fiald  froa  alactront  to  thair  initial  otcillatory 
anargyiTha  orbital  affieiancy  it  found  by  virtua  of  nuaarical  intagration  of 

alactron  aotion  aquation  *'  in  tha  eavitiat  and  drift  ragion  with 

corratponding  initial  eonditioni  *.Calculatad  dapandanciat  of  tha  optiaal  t)^ 


for  a  gyroklyttron  with  tinutoidal  axial  distribution  of  HP  fiald  in  tha 

eavitiat  on  a  noraalizad  baaa  paraaatar  I  ■  IfOnQ./  \  (l+g*)^  /  and 

nortaliiad  cavity  langth  n<y3*/^l|)  (L^/X>  ara  prasantad  in  Fig.  1.  Hara 

and  ara  baaa  current  anr*  voltaga,I.^and 

Q^ara  tha  langht  and  Q-faetor  of  tha  output 

eavityi  g  i»  the  baaa  pitch-factnr,  G  it 
tha  coupling  coafficiant  of  alactron  flow 
with  HP  fiald  of  tha  cavity,  X  it  tha 
oparating  wavalangth.At  can  ba  taan  in  tha 
figura,  tht  aaxiaua  orbital  affieiancy 
aqualt  to  0. 7S  at  following  valutt  of 
noraalizad  paraaatart 


I. 


1 


min 

'ttl 


as  4.5 


(1) 


contours  vt  paraaatart  I^and 


Hara  I 


mtn 


a*t 

ainialzad  by 


it  a  starting  paraaatar 
tha  cyclotron  ratonanta 
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■  iituning  A»2<a)-a>  ) .Th«  total  offlcioney  ii  17  «  <1-  Q^/  .  )0* 

<  1+g*)’*  ,  whtrt  O^ohw  ohiie  Q-factos*.  If  th#  baaa  paraiittn  1^, 

B  coupling  cotfflcitnt  G  art  knuMHi  ont  can  find  froi  (1)  tht  optiK.A) 

valutt  of  Q-factor  and  Ungth  of  tht  output  cavity. 

3. EXPERIMENTAL  RESULTS 

To  ehtek  tht  abovt  thtory  and  inttrprtt  thi  ptrforianet  eharaettrittiei  of 
gyroklyttroni  tht  txptriiintal  two  cavity  pulttd  tubt  operating  in  the  TE 

CM* 

aodt  at  X-band  wa«  exaaintd.Tht  altctron  flow  wai  produced  by  a  diode 
aagnetron-injection  gun  with  btaa  voltage  IE  kV  and  current  up  to  3  A. The 
paraaetert  of  the  firtt  cavity  were  fixed  <  Q^«&S0|  )  while  the 

paraietere  of  the  output  cavity  were  varied  in  the  wide  range  - 

-  ISO  £  Q  £  1700,  1.1  £  Li  S.4.  Fig.S  and  3  fhow  the  aeaeured  total 

efficiency  r>  as  functions  of  beae  current  at  various  and  at  well  as 

corresponding  theoretucal  curves  predicted  by  the  above  theory. The 
theoretical  and  experiaental  curvet  are  in  qualitative  agreeaent  , it  eonfirat 
the  validity  of  this  theory. 


1.0  2.0  3.0  1.0  2.0  3.0 


Pig. 2.  Efficiency  vs  beaa  current  at  Fig.S.  Efficiency  vs  beaa  current  at 

various  Q  (  solid  lines-experiaent,  various  L  (solid  lines-  experiaent, 

Z  Z 

dashed  lines  -  siaulation)  dashed  lines  -  siaulation  ) 
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35-8HS  RADAR  SYR0KLY8TR0N8 
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ABSTRACT 


Two  vtriiont  of  powor^ul  ptlitd  gyroklyttroni  wart  olaboratod  for  radar 
oytttit  with  optcific  rtquit'eatntt  for  thatr  powtr,  gain  and  bandwldthi  Tht 
first  tub*  had  two  cavitiot  in  tht  TE^^  aodt.  It  yitlds  750  kW  of  output 

powtr  with,  tffieitney  24%,  gain  80  dB,  and  bandwidth  0,6)1  •  Tht  ttcond 
■ultieavity  gyroklyttron  in  tht  ‘TE^^^  todt  yltldt  output  powtr  bttwttn  180 

and  850  kU  with  tffieitney  up  to  4B%,  gain  up  to  40  db  and  bandwidth  up  to 
1,5)1  .  Tht  pultt  width  of  tht  tubi  '  li  100  jjb. 

INTRODUCTION 


Tht  poitibility  of  cfiation  of  eyclotron  rttonanct  tattr  (CRM)  atplifitr 
of  klystron  typt  (aultieavity  gyrotron^  or,aeeerdlng  to  tht  ttras  ttitabllshtd 

in  tht  tnd  of  th  70s,  gyroklystrons  )  attraettd  a  grtat  atttntion  in  1966  * 
.lust  afttr  first  tucetsiful  txptriatnts  with  CRM'tonotrons  (gyrotrons).  In 
1967  tffieitney  of  tht  klystron  iiehanisi  of  tltctron  bunching  in  CRMs  was 
dtaonitrattdi  Electron  tffieitney  about  70)1  was  achitvtd  in  tht  twptrittnts 
with  a  physical  oodtl  of  a  gyroklystr-  operating  in  the  fundattntal  TE**todt 
at  X  -  btnd< 

Tht  initial  ewptriitnts  with  gyrotrons  and  gyroklystrons  were  planned  in 
tht  sitort-wavt  part  of  X-band.  Howtvtr, well-known  advantages  of  the  ttehanisa 
of  stiaulated  eyclotron  radi*  Ion  of  htlieal  tltctron  flows  over  the 
■tchanisis  of  induced  ChtrtnKOV  and  transition  radiation  used  in  the 

"elassieal"  electron  devices  of  the  0-typt  *  gave  a  hope  for  obtaining  a 
high  powtr  levels  and  tfficitr  its  also  in  the  eillietter  and  subtilliatter 
wavelength  regions. This  circuistanee  was  reflected  in  the  first  inventions 

connected  with  gyroklystrons  *  filed  as  patent  applications  in  1967. 

EXPERIMENTS 


Up  to  the  elddle  of  the  70s  the  characteristics  of  gyroklystrons  were 

studied  at  a  relatively  low  levels  of  the  output  power  at  X-band  and  K-band  * 
Results  of  these  studies  are  in  agreeeent  with  the  notion  that  a  gyroklystron 
having  the  eharact eristics  suitable  for  practical  applications  can  eoepete  by 
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thi  livil  of  iti  output  poMtr  Mlth  an  erdlnany  high-powar  hlyttnon  and  TWP  of 
tht  O-typt  In  tht  aiddlt  part  of  X~band  and  btcoiti  lora  and  aort 
advantagaout  aa  tha  oparating  fraquancy  growt.  In  that  pariod  a  graat 
axparianca  of  davaloping  gyroklyatron  aodiflcationi  wai  accuaulatad  and  gava 
grounds  for  foraulation  of  tha  problaa  of  craating  a  gyroklyatron  aapHfiar 
oparatad  at  Ka-band  with  output  powar  cloaa  to  tha  powar  of  gyrotrons.  Tha 
afforta  in  solving  this  problaa  wtra  strongly  stiaulatad  by  tha  fact  th^t 
dasignars  of  radars  bacaaa  intarastad  in  tha  aapliflars  of  Ka-band  with  tha 
output  pulsa  powar  of  stvaral  hundrads  kilowattsi 

Thaoratieal  and  axpariaantal  invastigations  parforaad  bafort  tha  aiddla  of 
tha  80s  rasultad  in  craation  of  powarful  pulsad  gyroklystrons  oparatad  in  Ka- 
band.  Basic  paraaatars  and  eharactaristics  of  two  varsionii  of  gyroklystrons 
ara  givan  in  tha  tabla  . 


TABLE 


Cavity 

■oda 

Nuabar  of 
cavitias 

Oparating 

fraquancy 

Baaa 

voltaga 

Output 

powar 

Efficisney 

Gain 

Bandwidth 

S 

35  GHz 

79  kU 

750  kW 

S4X 

aodB 

800  MHz 

380  kW 

38)( 

19dB 

160  MHz 

3,4 

38  GHz 

55  kU 

850  kU 

35K 

40dB 

500  MHz 

160  kW 

m 

4£dB 

380  MHz 

In  tha  tabla  tha  uppar  half-Una  of  tha  output  eharactaristics  corrasponds  to 
tha  ragiaa  of  sakiaua  powar,  tha  lowar  ona  to  tha  ragiaa  of  aaxiaua 
afficianey.  All  tha  rasults  wara  obtainad  at  pulsa  duration  about  100  ps. 
Nota  that  along  with  tha  high  laval  of  tha  output  powars  tha  half-powar 
bandwidths  of  thasa  davicas  aneasB  assantially  thosa  achiavad  in 
gyroklystrons  aarliar. 
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Low  pass  filters  for  the  Far  Infrared. 

C.V.Hayncs  and  P.A.R.Adc 

Physics  Department,  Queen  Mary  and  Westfield  College,  Mile  End  Road.  London,  El  4NS 

1.  INTRODUCTION 

We  discuss  here  the  use  of  far  infrared  multi-lnyer  low  pass  mesh  filters  to  thermally  reject  unwanted  heat  from  the 
intermediate  temperature  radiation  shields  of  liquid  helium  cryostats  used  to  cool  FIR  and  submillimetre  detectors, 
'fhls  unwanted  thermal  background  increases  both  the  photon  noise  of  the  detector  and  the  helium  boil>off  from  the 
cryostat.  Ideally  the  detector  should  be  filtered  to  only  those  wavelengths  that  are  required  with  all  others  being 
reflected,  not  absorbed,  by  this  filter,  Conventionally,  the  solution  has  been  to  use  a  filter  based  on  high  frequency 
radiation  absotption  or  scattering  for  this  purpose,  However,  absorption  filters  are  limited  in  diameter  due  to  worming, 
with  consequent  re-emission  problems,  while  scatter  filters  exhibit  u  inide-off  between  low  forward  scattering  and  a 
shallow  cut-off  edge  slope.  Here,  we  present  a  new  form  of  multilayer  low  pass  ntesh  filter  which  is  both  mechanically 
rugged  and  maintains  its  pcrformnitce  for  all  ismperotures  between  I  and  300K.  These  fillers  function  by  reflecting 
all  unwanted  high  frequency  power  thus  reducing  the  tendency  for  the  filler  to  heat  up.  This  property  combined  with 
the  inherent  low  emitssiviiy  of  metal  mesh  filtens  rcduce.s  the  parasitic  thermal  loading  of  the  cold  stage  ond  hence 
gives  enhanced  cryogen  lifetime  (or  iower  clo.sed  cycle  cooler  operational  temperatures), 

2.  DESIGN  and  MANUFACTURE 

A  conventional  metnl  mosh  filter  consist  of  u  series  of  meshes  with  nlr/vncuum  gnps  effected  by  onnular  metal  shims. 
The  Individual  mesh  patterns  are  generated  phoiolithographically  In  copper  on  a  thin  polyester  film  substrate 
(lypicolly  1.5  pm  thick  mylar).  Master  plates  are  produced  by  electron  beam  lithography  of  chrome  on  glas.s.  The 
disadvantages  of  these  types  of  filter  oie  twofold.  First,  they  must  be  assembled  individually  using  rigid  ond  titerefore 
bulky  annular  mounting  rings  and  secondly  they  are  very  sen.sitive  to  mechanical  or  chemical  (solvent)  damage.  The 
new  filters  use  the  substrate  ihickne.ss  itself  lo  control  the  required  iriier-grid  spacing.  We  hnve  made  filters  using 
either  polyethylene  or  polypropylene  as  the  substrate.  Since  nominal  thicknc.sses  only  nre  nvoilnble  from  the 
manufacturers  we  have  devised  a  method  of  .stretching  the  niins  to  obtain  the  correct  thickness  before  the  mesh  pattern 
is  applied.  Once  all  the  meshes  hnve  been  processed  the  final  as.sctnl)ly  of  meshes  i.s  hot  pressed  in  a  vacuum  oven  to 
produce  a  slice  of  niter  material.  This  slice  is  rugged,  flexible  and  can  be  cut  with  n  circular  punch  to  moke  Hllers  of 
the  required  diameter.  We  arc  now  routinely  making  filters  with  usable  apertures  up  to  90  mm  diometer. 

3.  RESULTvS 


The  transmission  of  a  200  cm'^  edge  filter  is  siiown  in  Figure  1.  Results  of  other  I'iltcrs  will  bo  presented  along  with 
the  measured  increase  in  cryogen  hold  time  for  dewars  which  use  these  niters  on  intermediuto  radiation  shields  in 
comparison  with  those  which  U!ie  both  the  standard  absorption  or  scatter  type  filters. 

Figure  1 


rMOUtNCY  tCN-ll 
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Rejection  ot  trequenor  bmndm  of  oleotromMgnmtlo 
rodlMtion  by  qumai-opticml  Bragg  atruoturea 

Vertiy  A.A. ,  Gavrilov  S.P.and  I .N.Qoltvyanakly 

Institute  of  Rdiophyaica  and  Electronics , 

Academy  ot  Sciences  ot  Ukraine, 

12  acad,  Proakura  at ^  ,  Kharkov 
310085  Ukraine 
Phone  (05721  448-467 
Fax  (0572)  441-105 

ABSTRACT 

The  paper  uontalne  the  reaulta  of  Inveetigatlon  of  quasi-optlcal 
rejection  filter •  The  filter  la  created  on  the  baae  of  multilayer 
dielctric  periodical  atructure.  We  give  the  equationa  allowing  to 
calculate  the  parametera  of  the  periodical  atructure  at  given  filter 
oharacteriatluai  Theae  given  parametera  are:  relative  reflection  band 
{aA/  Ao  )  tranalent  oonatant  tJ  /IJo'^ithln  llmlta  of  thia  band. 

It  la  ahown  that  in  the  caae  of  normal  incident  of  electromagnetic 
wave  on  the  filter  the  ahape  of  ita  frequency  oharacteriatica  in  the 
attenuation  band  la  nearly  rectangular. 

Amplitude  and  frequency  charaoteriatica  of  the  filter  are 
mearaured  in  millimeter  wave  range. 

2 . INVEaTIQATIQN  RESULTS 

In  millimeter  wave  region  the  dielectric  multilayer  atructurea  are 
widely  uaed  in  different  UHF  devioea.  Inveatlgation  of  quaai-optical 
multilayer  atruoturea  ualng  minimum  number  of  materiala  la  of  particular 
intereat.  It  ia  very  convenient  to  calculate  theae  layer  ctructurea 
ualng  aimple  formulara.  The  moat  aultable  for  theae  purpoaea  are 
periodical  multulayer  atructurea  of  Bragg  type. 

The  purpoae  of  the  preaent  papor  ia  a  calculation  and  experimental 
inveatlgation  of  auch  periodical  atructurea  in  millimeter  wave  region, 
namely,  quaai-optlcal  rejection  filter. 

The  filter  la  conalated  of  a  aet  of  aquare  polyatyreno  platea  with 
thlckneaa  of  aa<O,46^0  (  The  plotea  are  aeparated  by  air  gapa 

with  thlckneaa  b.  The  relation  of  b/a  ia  equal  to  1.1.  The  filter 
aperture  la  2Attl6Jto,  the  numberNof  perioda  per  filter  length  ia  equal 
to  16.  Frequency  tranafer  characterlatlca  of  thla  complicated  ayatem  are 
inveatlgated  in  8-mm  and  4-mm  frequency  rangea.  Horna  wore  employed  aa 
tranamlttlng  and  recaivlng  antennaa.  In  the  caae  of  a  normal  inolcdent 
of  electromagnetic  wave  on  the  filter  the  reflecting  band  (rejection) 
haa  nearly  rectangular  ahape.  Relative  reflective  banda  A  J\  /  Ao 
periodical  atructure  conaldered  may  be  found  from  the  following  equation 

where  n  ia  a  refractory  index  of  a  dielectric  layer  with  thlckneaa  b;  n 
la  a  regractory  index  of  a  dielectric  layer  with  thlckneaa  a. 
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Tftklng  into  account  the  equation  (1)  and  from  the  meaeurementa  we 
conclude  that  at  2B0Hz  or  56UHz 

Aa  0,2  or  0,1;  correspondingly. 

Transfer  factor  in  the  rejection  band  may  bo  calculated  from  the 
following  expression 

^  1^0  ®  r^JS  /\/  Sn  ( t  ^  ^  ^ 

For  the  structure  Investigated  the  measured  value  of  this  relation  Is 
less  then  -30dB. 

The  thicknesses  of  the  dielectric  layers  are  obtained  from  the 
following  system  of  equations 

25!i/Jlo(n.a'(-nf  b)s2^m,  (3) 

2^Mo(n;(a‘‘ni(b)s3l(2n‘fl ) ,  (4) 

where  m«l,2...,  ne0,l,2....  Value  of  m  Is  calculated  from  (1),  and  n 
shouJd  be  chosen  near  to  m  (m>n).  Flg.l  shows  dependences  of  transfer 
coefficient  T  on  frequency  for  Bragg  structure  at  parameter  values: 


.smoncmaiQN 

Thus,  the  Investigation  carried  out  showed  that  the  prospectlveness  of 
application  of  Bragg  type  structures  as  quasl-optlcal  rejection  filters. 

These  filters  have  a  simple  construction,  inexpensive  and  have  good 
optical  characteristics.  Calculation  and  synthesis  of  such  layer  systems 
may  be  carried  out  using  simple  calculations. 
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ABSTRACT 

High-quality  oriented  thin  films  of  YBa.Cu.O  having  transition  been  made 

temperature  >  89  K  and  critical  current  densities  (at  77  K)  >  10  A/cm  by 
pulsed  laser  deposition  on  (1012)  non-buffered  sapphire  substrates.  The 
microwave  surface  resistance  (Rs)  has  been  measured  between  10  K  and  300  K  at 
135  GHz  by  a  copper  cavity  end-wall -replacement  technique.  Microwave  devices 
fabricated  from  films  on  non-buffered  sapphire  have  Included  an  K-Band 
modified  three-pole  Chebyschev  filler  having  an  Insertion  loss  of  1,2  dB  at 
60  K.  The  HTS  filter  was  designed  to  be  a  5  X  bandwidth.  Our  filters  out 
perform  similar  copper  mlcrostrlp  filters.  Indicating  that  practical  levels  of 
HTS  performance  have  been  achieved. 

1 . INTROMICTION 

Numerous  paper  to  date  have  demonstrated  the  applicability  of  thin  films 
of  the  oxide-based  high  temperature  superconductors  to  passive  microwave 
circuits.  Cavity  studies,  conductivity  measurements  and  patterned  resonator 
studies  have  all  demonstrated  that  high  quality  epitaxial  films  of  these 
superconductors  can  have  ourface  resistances  significantly  lower  than  normal 
metals  typically  used  in  mlciowave  application.  Epitaxial  Y-Ba-Cu-0  (123) 
films  of  high  quality  have  been  grown  on  substrates  such  as  SrTlO^,  MgO,  YSZ 

and  LaAlO.,  by  various  deposition  techniques.  It  is  known,  however,  that  each 

1 

of  these  substrates  represent  some  kind  of  compromise  .  From  practical  point 
of  view,  the  substrate  like  sapphire  Is  the  most  desirable  material  for  123 
films  because  of  the  low  microwave  loss,  high  mechanical  strength,  high 
thermal  conductivity,  high  Debye  temperature,  good  surface  chemistry  and  low 
cost.  Epitaxial  Y-Ba-Cu-0  films  on  sapphire  with  good  critical,  transport  and 

RF  properties  wore  demonstrated  by  Vratsklkh  et  al^  .  In  this  paper,  we  report 
the  result  of  measurement  HTS  microwave  I'ilters  in  K  frequency  band.  From  high 
Q  data  and  mlcrostrlp  geometry,  we  can  directly  analyze  the  surface 
resistance  and  conductor  losse  i  of  the  patterned  YBa.,Cu.,0  films.  Our 
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patternsd  filters  obtained  Rs  <  0,35  mOhni  after  fabrication.  These  results 
show  that  the  film  degradation  was  very  minimal  since  unprocessed  films  have 
Rs  of  0,25  mOhm.  Copper  mlcrostrlp  filters  of  Identical  geometries  were 
fabricated  and  measured  for  comparison.  HTS  microwave  components  were  clearly 
superior  to  normal  metal  counterparts.  Manufacturing  patterned  YBa2Cu^O^ 

films  with  quality  performance  at  135  GHz  Is  Important  In  demonstration  the 
Immediate  applicability  of  HTS  microwave  Integrated  circuit  technology. 
Mlcrostrlp  filters  produced  with  YBa^Cu^O^  films  on  non-buffered  sapphire 

achieve  a  level  of  Insertion  loss  the  cannot  be  met  with  normal  metal. 

2. FILM  PREPARATION 

Our  deposition  system  will  be  described  In  details  elsewhere.  Briefly,  123 
targets  were  ablated  by  many-mode  Nd:YAG  laser.  The  pulse  energy  was  300  mJ, 

2 

the  pulse  duration  20  ns, the  average  beam  energy  density  4  J/cm  .The  distance 
of  the  target  and  the  substrate  was  6  cm  and  the  screen  was  placed  between 
target  and  substrate  In  order  to  protect  the  film  surface  from  droplets.  At  a 
pulse  repetition  rate  of  10  Hz  the  average  growth  rate  was  0,3  nm/s.  The 
oxygen  pressure  was  0,6  Torr  and  the  substrate  temperature,  measured  with 

accuracy  5  °C,  was  755-770  °C.  There  latlvely  high  oxygen  pressure  Is 
necessary  to  produce  large  clusters  and  to  reduce  In  such  way  the  chemical 
activity  of  Ba  on  the  substrate  surface.  The  elevated  substrate  temperature  Is 
required  for  surface  mobility  of  large  clusters. 

3. FILM  CHARACTERIZATION 

The  x-ray  diffraction  pattern  of  our  films  contains  only  (OOL)  sharp  peaks 
showing,  that  the  film  Is  highly  oriented  with  the  c-axls  perpendicular  to  the 

substrate.  The  FWHM  of  the  [005]  rocking  curve  was  In  the  range  of  1. 3-2.5° 
Some  general  parameters  of  samples,  used  for  microwave  measurements  and  de¬ 
vice  fabrication  are  represented  In  Table  1. 


Table  1  General  parameters  of  samples. 


Sample 

Tc  (R-0), 

K 

B 

Jc, 

A/cm^ 

R300/R100 

Thickness, 

nm 

Rs,  mchm 

at  34  GHz 

- 1 

> 

90 

0.25 

>  10®  • 

3,5 

150 

0.25 

at  77K 

at  60  K 

B 

89.3 

0.3 

>  10®  • 

3,3 

150 

0.3 

_ 1 

at  77K 

at  55  K 

dc  -  transport  measurements. 
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4. DEVICE  FABRICATION 

The  123  film  was  patterned  with  photolithographic  technique  and  etched  with 
dilute  phosphoric  acid.  The  film  on  sapphire  was  coated  with  0.7  micron  FP-383 

positive  photoresist.  The  photoresist  was  then  baked  In  90  °C  oven  for  15  min 
and  after  wards  was  exposed  42  s  using  a  1:1  contact  printer  using  UF  lamp. 
Then  1:1  diluted  developer  was  used  to  develop  the  photoresist  for  about  10  s 

In  a  <  100  °C  over  for  30  min  stabilized  the  resist  for  optimised  line  width 
control  during  the  123  wet  etch  In  a  diluted  solution  phosphoric  acid.  After 
this  etch,  the  photoresist  was  stripped  In  acetone. 

S. MICROWAVE  MEASUREMENTS 

The  measurements  of  the  temperature  dependence  of  microwave  surface 
resistance  were  carried  out  at  135  GHz  using  a  method  of  a  cylindrical  copper 
host  cavity.  The  cavity  was  excited  in  the  mode.  In  detail  this  method 

was  reported  In  work^. Moreover,  the  temperature  dependence  of  Rs  was 

calculated  from  the  measurements  of  the  unloaded  quality  factor  Qo  of  the 
cavity.  Temperature  variation  between  12  and  150  K  was  provided  by  warming 
the  cavity  In  vacuum  In  using  mlcrocryogenlc  system.  The  temperature  was 
measured  with  a  semiconductor  resistor  with  an  absolute  accuracy  of  *  0.1  K. 
Flg.l  shows  Rs  vs  T  for  our  two  films  (sample  A,B  In  Table  1)  measured 
at  135  GHz, For  comparison  at  the  same  figure  by  solid  line  Is  plotted 

the  temperature  dependence  of  the  surface  resistance  of  the  copper  cavity 
walls.  Thickness  of  films  were  about  ISO  nm.  The  low  residual  resistance 
film  A,  taking  Into  account  that  the  film  thickness  was  lower  than 

penetration  depth  of  magnetic  field,  shows  that  the  film  Is  of  high 

quality. The  calculated  value  of  Rs  at  31  GHz  using  quadratic  frequency 
dependence  of  Rs  Is  represented  In  Table  1. 

The  demonstration  device  chosen  was  a  3-*pole  mlcrostrlp  parallel-coupled- 
llne  Chebyschev  bandpass  filter  on  non-buffered  sapphire.  Two  filters  were  of 
fo*34  GHz  made  on  different  quality  films  on  a  designed  center  frequency  with 

3 

a  bandwidth  of  1500  MHz. The  filters  were  arranged  to  fit  on  12x7,5x0,25  mm 
sapphire  substrates  and  mounted  on  copper  plate-refrigerator  with  two 
wavegulde-mlcrostrlp  connectors. 

The  transmission  coefficient  (S^^)  versus  frequency  was  measured  employing 

an  P2-65  network  analyzer  with  transmission  calibration  ot  any  temperature  on 
a  HTS  mlcrostrlp  line.  A  typical  plot  from  the  network  analyzer  of  123 
bandpass  filter  A  Is  shown  on  Figure  2. 

6  MEASUREMENT  RESULTS 

The  centre  frequency  of  HTS  filter  A  versus  temperature  date  clearly  showed 
kinetic  Inductance  effects.  Figure  3  shows  the  plot  of  centre  frequency  as  a 
function  of  temperature.  The  plot  shows  the  rapid  shift  In  frequency  near  Tc 
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where  most  of  the  transformation  of  normal  electrons  Into  superconducting 

electrons  occur.  The  shift  In  frequency  In  self  Is  directly  caused  by  the 

kinetic  Inductance  of  the  superconduction  electrons.  Figure  4  shows  the 

temperature  dependence  of  the  Insertion  loss  for  the  filter  A.  The  Insertion 

loss  of  Y-Ba-Cu-0  filter  was  about  1,2  dB  at  the  temperature  of  60  K  compared 

to  the  Insertion  loss  of  copper  filter,  which  was  greater  than  2,5  dB. 

YBa»Cu„0  filters  insertion  losses  began  Increasing  at  about  70  K.  The 
&  >3  y 

bandwidth  of  YBa.,Cu„0  filters  was  about  1500  MHz  with  the  return  loss  for 

b  ^  y 

filter  better  than  14  dB. 


7. CONCLUSION 


We  have  successfully  used  YBa^Cu^O^  films  on  non-buffered  sapphire  to 

fabricate  mlcrostrlp  filters  In  K  frequency  band.  These  microwave  circuits 
yield  high  microwave  performances  than  were  superior  to  the  same  circuits 
using  normal  metals.  The  YBa^Cu^O^  filters  had  a  1,2  dB  Insertion  loss  which 

was  much  lower  than  the  copper  filter  one.  We  achieved  surface  resistances  of 
less  than  250  mOhm  at  34  GHz  for  our  patterned  YBa^Cu^O^  films.  The  higher 

level  of  performance  of  HTS  mlcrostrlp  filters  allows  us  to  apply  hlgh-Tc 
superconductivity  to  Integrated  circuit  technology. 

Research  is  supported  by  the  State  Program  of  Ukraine  "The  High  Temperature 
Supe  r conduc  1 1 v 1 1  y " 
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Fig.l.  Temperature  dependense  of  surface  resistance  for  samples 
A,B  at  135  GHz. 


Fig.2.  Transmission  versus  frequency  for  YBaCuO  and  Cu  filters. 
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1.  INTRODUCTION 

There  is  currently  much  Interest  In  the  development  of  satellite- borne  millimetre  and  submillimetre-wave  radiometers 
for  meteorological  and  remote  sensing  applications.  Such  radiometers  typically  operate  over  a  number  of  ftequency 
bands  even  though  they  usually  only  have  a  single  receiving  antenna  and  hence  a  single  incoming  beam.  Consequently 
it  is  necessary  to  have  components  that  demultiplex  the  frequency  bands.  This  dem\>ltiplexlng  is  usually  carried  out 
quasi-optically  to  take  advantage  of  both  the  wide  bandwldths  and  low  losses  afforded  by  such  techniques. 

The  demultiplexing  components  are  frequency  selective  surfaces  (FSSs),  or  dichrolcs,  which  transmit  well  over  one 
band  of  frequencies  while  reflecting  strongly  over  another.  To  achieve  demultiplexing  FSSs  have  to  be  used  at  oblique 
Incidence  and  this  presents  special  problems  in  their  design  and  characterisation. 

Here  we  present  wlde-band  millimetre  and  submlllimetre-wave  transmission  measurements  that  compare  the  perfor¬ 
mance  of  drilled  plate  and  printed  element  frequency  selective  surfaces  at  non-normal  incidence  angles.  The  quasi- 
optical  measurement  technique  is  described  emphasising  those  aspects  of  particular  importance  for  this  typo  of  com¬ 
ponent.  Agreement  between  the  measurements  and  numerical  simulation  techni(|UFs  is  demonstrated. 

2.  DRILLED  PLATE  FSS 

The  drilled  plate  FSS  (Fig.  i(a))  consists  of  a  metal  disc  drilled  to  form  a  hexagonal  array  of  circular  waveguides.  The 
FSS  is  characterised  by  the  diameter  of  the  waveguides,  the  ceutre-to-centre  spacing  of  the  waveguides  and  the  plate 
thickness,  all  of  which  determine  its  electromagnetic  performance.  The  extent  of  the  array  is  chosen  so  that  truncation 
of  the  beam  is  negligible. 

The  FSS  acts  as  a  high  pass  filter;  the  lowest  frequency  transmitted  being  governed  by  the  TE|  i  mode  cut-oflf  frequency 
of  the  holes  and  by  resonant  coupling  to  the  hole  array.  Below  this  frequency  the  FSS  will  reflect  strongly.  The 
transmission  above  the  cut-off  frequency  will,  however,  not  be  flat.  In  particular,  when  the  frequency  at  which  the 
onset  of  diffraction  by  the  hole  array  into  orders  additional  to  sero-order  occurs,  the  power  transmitted  into  the  on¬ 
going  beam  will  be  reduced.  The  lost  power  Is  diffracted  out  of  the  system.  Staiidiiig  wave  effects  within  the  plate 
further  modify  the  transmission  spectrum. 

A  modal  expansion  technique  was  used  to  design  the  FSS.  This  is  a  vector  formulation  which  assumes  that  the  FSS  is 
Infinite  in  extent  and  is  Illuminated  by  a  plane  wave. 

3.  PRINTED  ELEMENT  FSS 

The  printed  element  FSS  consists  of  an  array  of  conductive  elements  supported  on  a  dielectric  substrate.  The  frequency 
response  is  determined  by  the  element  type,  sise  and  periodicity,  the  lattice  geometry  and  the  electrical  properties  of 
the  backing  material.  Low  pass,  high  pass  and  possbnnd  filter  charactciristlca  can  be  generated  by  suitable  positioning 
of  the  transmission  and  reflection  bands.  The  latter  is  gciierated  at  resonance  where  the  amplitude  of  the  current 
modes  induced  in  the  elements  is  large. 

The  pattern  of  the  double  square  FSS  (shown  in  Fig.  1(b))  w/ui  iirudviced  photollthographically  from  2  pm  thick 
aluminium  sputtered  onto  one  face  of  a  fused  silica  substrate  with  a  thickness  of  half  a  wavelength  at  160  GHz.  The 
filter  was  designed  using  a  modal  expansion  technique  siinihu'  to  the  oue  mentioned  above 

4.  MEASUREMENT  TECHNIQUE 

The  transmission  tesponse  of  the  FSSs  was  measured  using  a  Martln-Puplett  interferometric  spectrometer  (quasi-optlcal 
autocorrelator).  A  spectrum  with  rontinuoiis  frequency  coverage  over  an  80-800  GHz  range  can  be  measured  with  a 
single  sweep  of  a  moving  reflector.  The  spectral  resolution  was  1.6  GHz. 
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The  modal  calculatione  assume  that  the  incident  beam  is  a  plane  wave.  However,  a  beam  of  Unite  width  cannot  be 
described  by  a  single  plane  wave:  it  is  a  superposition  of  an  angular  spectrum  of  ploi.e  waves.  Such  a  beam  will 
therefore  sample  the  plane  wave  properties  of  a  FSS  over  a  range  of  incidence  angles  centred  on  the  angle  of  incidence 
of  the  optic  axis  of  the  beam.  In  the  measurement  beam  the  amplitudes  of  the  plane  wave  components  have  fallen 
t  -  -10  dB  at  db4”.  The  same  angular  spectrum  applies  throughout  the  beam  (the  changing  form  of  the  field  with 
propagation  is  solely  due  to  interference  between  the  plane  waves)  and  therefore  the  measured  transmission  response 
is  independent  of  the  longitudinal  location  of  the  FSS  in  the  beam  (except  for  frequencies  above  the  upper  edge  of 
the  drilled  plate  FSS  pass  band  where  some  of  the  power  diffracted  into  highei  orders  tnay  be  diffracted  out  of  the 
spectrometer  and  not  detected).  Moreover,  when  tire  drilled  plate  FSS  is  used  at  oblique  incidence  the  transmitted 
beam  will  be  laterally  displaced  with  respect  to  the  incident  beam.  Care  mu.st  he  taken  to  correctly  take  account  of 
this  shift,  both  in  alignment  of  the  radiometer  system  and  while  measuring  the  FSS  transmission  response. 

6.  MEASUREMENT  RESULTS 

Fig.s  2  and  3  show  the  measured  transmission  response  of  drilled  plate  and  printed  element  FSSs  over  the  range 
80-200  GHz.  at  22*'  TM  incidence.  The  triangles  show  the  calculated  transmission  cuefiicient. 

Measurements  over  a  range  of  angles  of  incidence  show  tlrat  drilled  phrte  FSS  transmis.sion  deteriorates  rapidly  as  the 
angle  of  incidence  is  increased  towards  In  contrast  the  transmission  response  of  the  printed  element  FSS,  was 
measured  to  be  relatively  Insensitive  to  Incident  angle  up  to  40”.  Although  the  drilled  plate  FSS  has  a  much  sharper 
transition  between  the  transmission  and  rotiection  bauds  the  relatively  shallow  incidence  angles  at  which  it  may  be 
used  places  tight  constraints  on  the  design  of  (piasi-opticai  demultiplexing  systems.  Moreover  the  manufacture  of  tliij 
type  of  FSS  becomes  increasingly  difficult  a.s  frequencie.s  are  iucroasod  into  the  .su1)inillimetre-wuve  range. 

Fig.  4  shows  the  measured  and  calculated  tran.siiussiou  response  of  u  doiible  l.tyer  itinijlv.  .square  loop  printed  element  FSS 
at  normal  incidence  over  100-800  GHz.  Note  the  excellent  agreement  lietween  the  design  predictions  and  measurements. 
The  filter  remains  usable  at  43”  incidence. 
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rig.  3.  Double  square  22*  TM  Incidence. 
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Rugged  far  infrared  bandpass  filters. 

P.  0.  Huggard,  M.  Meyringer,  A.  Schilz  and  W.  Prettl, 

InsUlut  fllr  Angewaudte  Physik,  Univenitilt  Regensburg,  93040  Regensburg,  Germany. 

1.  Abstract 

Precision  nickel  printing  screens  are  shown  to  be  very  usefiil  as  Aur  infrared  bandpass  filters.  For  a  range  of  such  regularly 
perforated  screens,  tiansmission  maxima  have  been  observed  to  lie  at  frequencies  between  58  cm'^  and  142  cm'>.  In  general, 
the  peak  of  transmission  is  meastired  to  be  over  0.9.  It  is  found  that  this  high  transmission  is  little  degraded  by  cascading 
several  screens,  but  the  overall  Alter  Q  value  may  be  increased  from  about  2  to  a  value  of  about  6. 

2.  lintroductloii. 

Considerable  effort  has  been  expended  in  the  development  of  narrow  bandpass  Alters  fbr  the  fkr  infrared  (FIR)  spectral 
region  [1,2,3].  The  term  "narrow  bandpass"  is  used  here  to  describe  Alters  with  Q  values  of  between  1  and  10,  excluding 
Fabry>Perot  Interferometers  Schemes  utilised  to  achieve  high  peak  tramnnission  coupled  with  good  "out  of  band" 
attenuation  Include  electroformed  rectangular  gratings,  combinations  of  waveguide  array  high>pasi  Alters  with  capacitive 
lowpass  grids  and  regular  arrays  of  cross  shaped  or  annular  apertures  in  thin  metal  Alms.  These  methods  have  some 
drawbacks,  for  example  thin  dielectric  substrates  may  be  required  fbr  Alter  elements  and/or  photolithographic  and 
electrodeposition  processes  have  to  be  perfected. 

As  an  alternative  type  of  bandpass  Alter,  we  propose  the  use  of  commercial  precision  printing  screens.  Consisting  of 
freestanding  electroformed  nickel  sheets  Wth  a  regular  array  of  circular  holes,  these  are  inechanically  strong  and  readily 
available  in  large  areas.  When  used  as  Alters,  peak  transmissions  close  to  unity  have  been  measured  with  resonant 
frequencies  between  58  cm*‘  and  142  cm*‘  depen^ng  on  the  mesh  citosen.  Furthermore,  by  cascading  several  screens,  the 
resonance  Q  and  out  of  band  attenuation  can  be  considerably  improved,  with  little  loss  in  pe^  transmission. 


Fig  1  Measured  transmission  spectra  of  several  HiMesh  samples.  Spectrometer  resolution  was  3  cm*'  with  a  measurement  error  of  about 
594.  Note  the  rapid  fall  in  transmission  at  low  frequencies,  caused  by  the  waveguide  cut-off  effect  of  the  holes. 
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3,  Eiperimental. 

A  series  of  screens  with  different  hole  diameters  and  spacing  have  been  measured.  In  general  the  screens  have  a  thickness  of 
about  50  ttm  with  a  grating  constant  (g)  ranging  from  164  ^nl  to  72  pm  for  Meshl55  to  Me8h355  respectively.  The 
corresponding  minimum  hole  diameters  vary  from  1 1 1  pm  to  37  pm.  The  apertures  are  arranged  in  an  hexagonally  close 
packed  pattern,  and  each  tapers  from  both  ends  towards  the  centre.  This  taper  is  such  that  the  maximum  diameter  is 
approximately  twice  the  minimum. 

Transmission  speePa,  presented  in  Fig.  1,  were  measured  in  vacuum  in  a  Fourier  transfbrm  speePometer  with  a  weakly 
focused  (f/3)  beam.  Measurement  resolution  was  3  cm'‘.  The  spectra  ore  similar  in  Ibrm,  with  the  transmission  rising  Pom 
a  small  value  at  low  frequencies  to  a  resonant  peak  of  about  90%.  This  value  is  reached  at  a  wavenumber  approximately 
equal  to  the  reciprocal  of  the  grid  constant.  A  small  feature  observable  on  the  high  frequency  side  of  the  resonance  occurs  at 
a  frequency  of  about  1.2  times  that  of  the  transmission  maximum  [1].  The  transmission  then  declines  to  a  value  of  about 
30%  which  is  maintained  up  to  the  highest  frequency  measured.  This  value  is  expected  to  remain  constant  at  yet  higher 
frequencies,  and  to  tend  asymptotically  to  the  fractional  open  area  of  the  screens,  approximately  30%. 

4.  Discussion  and  Conclusions. 

Such  spectra  have  characteristics  of  both  waveguide  filters  and  metal  meshes.  A  resonant  transmission  close  to  unity,  at  a 
wavenumber  *•  l/g,  is  a  common  characteristic  of  thin  meshes  (1.4).  The  decline  in  Pansmisslon  for  higher  frequencies  is 
due  to  the  onset  of  diffiaction.  However,  the  below  resonance  transmission  of  these  relatively  thick  screens,  decreasing 
rapidly  towards  low  frequencies,  more  closely  resembles  that  of  a  waveguide  filter  [5]  than  of  a  thin  mesh. 

To  study  the  effect  of  cascading  several  identical  screens,  pieces  of  Mesh27S  were  placed  in  series,  separated  by  about 
0.5  mm.  As  the  number  of  screens  increases  from  one  to  four,  the  Pansmisslon  peak  is  considerably  sharpened,  with  Q 
rising  from  1  to  6.  The  transmission  at  the  peak  is  relatively  unaffected,  remaining  at  about  83%  for  four  screens,  while  that 
at  high  frequencies  is  severely  ahenuated,  decreasing  to  about  the  noise  level  of  the  measurement  (2%).  It  is  worth 
remarking  that  the  separations  of  the  screens  is  not  critical,  in  contrast  to  the  exact  spacings  required  for  best  performance 
from  a  series  of  thin  cross  aperture  filters  [3],  Furthermore,  the  attenuation  at  high  frequencies  is  expected  to  be  excellent, 
on  purely  geometrical  grounds. 

In  conclusion,  we  have  shown  that  metal  screen  printing  meshes  are  very  uieibl  as  FIR  bandpass  filters.  They  offer 
significant  advantages  over  conventional  Altering  techniques,  including  high  strength,  the  availability  of  large  areas,  low 
cost,  high  peak  transmission  and  an  easily  conPollable  bmidwidth  (by  the  non  critical  cascading  of  several  screens).  It  is 
believed  that  the  excellent  optical  properties  arise  from  a  combination  of  the  non  negligible  mesh  thickness  and  the  tapered 
Itoic  sides. 
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46  Ulyanov  Street,  603600  Nizhny  Novgorod,  Russia 


A  narrow  frequency  bund  (20.. .600  MHz)  at  frequencies  50... 200  OHz  and  hi^h 
suppression  (more  than  40  dB)  are  the  typical  requirements  for  notch  fliteis  used  in  plasma 
diagnostic  during  experiments  with  hision  installations.  A  very  narrow  frequency  bandwidth 

4f//'"10'\..i0'*  in  the  short  millimeter  wavelength  range  implies  using  of  quosi-optical  high- 

quality  (Q^  JO*)  cavities  as  elcmcntaiy  cells  that  constitute  a  filter,  and  quast-optical  open 
transmission  line  os  a  primary  waveguide.  We  considered  two  possible  ways  to  pr^uce  such 
cavities  (Fig.  1):  1)  two-mirror  cavity  with  a  standing  wave  (a),  2)  ring  cavity  with  a  traveling 
wave  (b).  For  both  cavities  coupling  Is  provided  by  a  semi-transparent  film  or  by  difflraction 
grating.  In  the  first  scheme  there  is  a  reflected  wave,  so  phase  shift  (mutual  position  of 
cavities)  is  important.  Tlie  second  scheme  uses  only  a  one-way  wave  and  thus  all  cells  are 
independent. 

The  second  scheme  was  tested  In  the  expeiiment  at  140  GHz.  llie  filter  was  combined  of 
four  cells  coupled  with  the  wave  of  an  open  «nirror  line.  Each  cell  was  made  as  a  three- 
mirror  qua.si-opticnl  cavity  (I),  with  5%  coupling  and  losses  per  round  trip  of  wave  (quality 
factor  is  about  7000).  A  side  of  the  equilateral  triangle  was  70  mm.  I  hc  eigenmode  of  the 
transmission  line  was  excited  by  a  corrugated  horn  ,  which  radiated  HEn  wave.  I'he  filter 
had  attenuation  .W..,40  dB  within  the  frequency  band  20...30  MHz  and  a^ut  0.3  dB  out  of 
the  band  50  MHz.  Calculalioas  showed  that  an  increase  in  the  number  of  cells  can  provide 
stronger  damping  of  wave  in  the  same  narrow  frequency  band. 

Reference: 

1.  G.G. Denisov  and  M.Yu. Shmelyov  "Effective  Power  Input  into  Quosi-Optical  Cavity 
with  I  raveling  Wave,"  Int.  J.  of  Infrared  and  Millimeter  Waves,  Vol.l2,  10,  pp.  1187-1194, 
October,  19''1. 
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Figure  la.  Principle  of  filtration  for  cavities  with  standing  wave. 
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Figure  lb.  Principle  of  filtration  for  cavities  with  traveling  wave. 
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Filteiv  in  Miliimeter  Wave  Applications 
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Microwave  and  Temhertt:  Technology  Group, 
Department  of  Electronic  and  Electrical  Engineering, 
University  of  Leeds,  LEEDS  LS2  9JT. 


Abstract 

lliiR  paper  presents  a  uumerical  optimiaation  based  approach  to  the  design  of  ridged  waveguide  B-plane 
bandpasa  filters.  Equal  ripple  approach  to  optitniation  is  adopted.  The  calculated  Inartion  lou  of  X«bimd  a 
five  resonator  conventional  and  ridged  waveguide  B-plane  bandpau  filters  with  and  without  ideal  impedance 
inverters  are  presents, 

Introduction 

B-plane  metal  Insert  bandpasr  filters  have  found  frequent  um  in  many  microwave  and  millimetre-wave 
applications.  However,  owing  to  the  nontinear  relation  between  guide  wavelength  and  frequency,  and  to  the 
fr^uenoy  dependency  of  the  coupling  elements,  high  edge  steepnesr  and  attenuation  requirements  at  the  second 
stopband  ere  often  difiioult  to  meet  For  many  applications,  such  ns  for  channel  filters,  when  ftequenoy 
selectivity  and  high  stopband  attenuation  are  considered  to  be  important  filtering  properties,  it  may  be  highiy 
desirable  to  improve  the  rqjeotlan  quality.  Sevetal  different  solutions  have  been  proposed  to  alleviate  this 
problem.  Although  most  of  these  solutions  lead  to  a  higher  passband  insertion  loss,  this  at  the  expense  of 
increased  manufiteturing  complexity.  In  this  paper  a  new  possible  solution  for  improvement  in  the  upper 
stopband  is  pn  tented.  This  improvement  in  foe  upper  stopband  associated  with  the  superior  electrical 
performance  of  ridged  waveguide  such  as  cutoff  frequency  reduction  provides  a  convenient  way  to  realize  B- 
plane  bandpass  filters  with  improved  stopband  performance.  The  main  foatures  of  the  new  structure  are  the  use 
of  conventional  rectangular  waveguide  housing  and  the  use  of  o  metal  insert  which  when  mounted  Introduce 
ridges  in  foe  resonators,  thereby  not  only  maintaining  foe  simplicity  of  the  structure,  but  also  obtaining  good 
stopband  attenuation  properties.  The  structure  is  simple,  compatible  with  the  E-plane  manufhctuiing  process. 
The  electromagnetic  analysis  is  based  on  foe  multimodal  mode-matching  method,  and  theoretical  amplitude- 
frequency  characteristic.,  are  ob^^ined  from  th*  ABCD  matrices  of  foe  individual  filter  elements.  Several 
different  meihodr  for  the  evaluation  of  eigenvalues  in  ridged  waveguide  have  been  employed.  The  present  paper 
describes  an  application  of  Oalerkin's  muthod,  developed  by  Montgomery.  The  trsnscendenuil  equation  of  the 
eigenvalue  of  the  nth  mode  in  ridged  wavu|;)ide  wes  solved  numerically.  The  inillel  lengths  of  the  septa  and 
resonators  for  foe  case  of  foe  conventional  B-plane  fillers  h»»e  been  obtained  by  using  foe  conventional  method 
of  synthesis  in  which  the  concept  of  impedance  inverters  is  employed.  However,  for  ths  case  of  these  filters 
we  cannot  use  the  same  method  since  foe  filter  structure  is  not  uniform  (Pig.  lb).  A  modified  method  of 
synihnais,  which  should  include  generalized  impedance  itivertera  [5J  rad  impedance  scaling  of  the  impedance 
levels  of  foe  prototype  fllWr,  nwy  help  to  illeviate  this  problem.  The  nu,iMrical  results  are  presented  for  a  five 
resonator  O-pIane  filters  without  and  vith  improved  etopband  perfomcince.  Finally  foe  predicted  filter 
performance  showing  improved  stopband  attenuatiop.  and  reduced  filter  dimensions  compared  with  waveguide 
E-plane  metal  insert  bandpass  filters  is  presented. 

Numerical  Example 

To  illustrate  the  application  of  (his  method  to  the  design  of  E-plane  filters  with  improved  stopband  performanca 
the  design  of  ■  fi  x  resonator  E-plane  bandpass  filters  with  improved  stopband  performance  is  considered. 
Multimodal  mode-matching  is  used  in  both  the  design  and  the  calculation.  The  calculated  Insertion  loss  of  X- 
batid  a  E.e  resonator  conventional,  ridged  waveguide  B-plane  bandpass  filters  and  lidged  waveguide  B-plane 
bandpass  filter  with  ideci  impedance  inverters  is  shown  in  figure  2. 


Conclusion 
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A  Computer  aided  design  method  has  been  developed  to  synthesise  E-plane  bandpass  filters  with  improved 
stopband  performance.  The  predicted  filter  performance  showing  improved  stopband  performance  and  reduced 
filter  dimensions  compared  with  conventional  E-plane  bandpass  filters, 
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Introduction 

Band  paa  fllten  for  the  far  Infrared  have  been  produced  by  etching  orosMs  into  metal  flints  on 
Mylar  substmtes^  Unsupported  thin  croai  shaped  fllten  fur  the  far  Infrared  have  been  produced 
by  etching  crciases  into  4  ndcions  thick  nickel  foiis^.  These  authon  studied  the  dependence  of  the 
wavelength  of  peak  tianstnlMlon,  bandwidth,  and  percentage  of  peak  transmission  on  the  shape  of 
the  croases.  Very  aocuntely  shsfwd  crosses  in  thick  metals  for  the  mid  inflated  have  been 
produced  using  UOA^ .  These  fllten  showed  a  idrong  aide  peak  and  transmission  in  the  70%  to 
80%  range.  HiMretioal  calculadona  by  Compton  et  al^  for  thin  fllten  predict  such  a  side  peak, 
depending  on  the  shape  of  the  cross,  and  100%  transmission.  To  obtain  maximum  transmission  for 
band  paaa  fllten,  a  ttipod  shape  was  uaed^  instead  of  the  cross.  These  fllten  showed  100% 
transrnlssion  and  the  dde  peak  for  a  thickness  of  10.5  mlcrona.  The  side  peak  is  getting  smaller  for 
thinner  fllten. 

Band  pass  fllten  for  the  near  and  mid  infrared. 

The  above  mentioned  investigations  suggest  that  thin  fllten  are  more  transmissive  and  have  a  muoh 
smaller  side  peak.  100%  tnnsmisslon  may  be  obtained  by  using  pattern  of  tripods  which  are  much 
denser  ''pad^*  than  the  crosses.  The  wi^  and  slopes  of  the  fllten  are  determined  by  the 
periodicity  constants  and  the  shape  and  dee  of  the  crosses.  Since  there  is  much  more  known  how 
the  transrniasion  curve  dependn  on  these  pammeten  for  oiomea  than  for  trinodo,  we  decided  to 
develop  band  pass  fllten  for  the  short  wavelength  region  by 

a)  using  crosses  in  an  arrangement  as  used  before,  and  then 

b)  produce  new  pattern  with  densely  packed  crosses. 

We  developed  the  fllten  without  using  synchrotron  radiation  but  with  a  process  similar  to  I  JO  A. 
Masks  ha/e  been  produced  with  periodicity  constants  of  (A)  5.5,  (B)  16.4,  (C)  16.7,  and  (D)  26.4 
microns.  Using  masks  (B)  and  (D),  fllten  vdth  tiie  following  values  have  been  piuduced: 


Table  1 

a  Dj  D2 

g  16.4  16.8  16.8 

a/g  .08  .12  .08 

fa/g  .t  )  .045  .065 


g 
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The  fllten  wete  produced  by  flnt  coating  a  chromium  covered  wafer  with  lOOOA  gold.  Then, 
ualng  positive  reidat,  the  cross  pattern  was  produced  on  the  gold  coating,  aee  Pig.  1 . 


Fig.  1  a.  Crow  made  of  photoresist  b.  Transmlasimi  ouivea  of  fllten  of  B,  Dj  and  Dg  of  Table  1 . 

A  2*3  microns  thick  nickel  fllm  was  formed  around  the  crosses  by  twing  an  eleotroforming  prooeas. 
The  crosses  of  the  photoresiat  were  removed  and  the  Aim  taken  off  the  wafer  and  mounted  on  a 
ring  for  support.  At  the  end  of  the  procew  the  gold  Aim  was  eliminated. 

Micrograpiu  of  the  actual  crosses  Indicated  that  their  shape  and  the  conespondlng  transmiaslon 
curve  agree  qualitatively  with  what  would  be  precUcted  from  the  results  of  Ref.3.  However,  we 
found  that  the  crow  shape  and  site  was  not  the  wme  on  both  sides  of  the  Alter.  The  oton  of  Fig,  1 
shows  clearly  that  the  walla  are  not  perpendicular  to  the  plane  of  the  crow  and  we  think  that  this  is 
the  reason  that  the  transmission  curves  are  smooth  and  show  no  aide  peak.  The  'waveguide"  of  the 
crow  is  in  our  case  distorted  from  a  waveguide  with  parallel  walls  as  has  been  produced  with 
LIOA.  This  distortion  seems  to  woric  for  the  advantage  of  a  smooth  curve  without  side  peaks. 
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APPLICATION  OF  HTSC-THIN  FILMS  IN  MICROWAVE  BANDPASS  FILTERS 
Dr.A.R.  Jha,  Technical  Director, 

JHA  TECHNICAL  CONSULTING  SERVICES,  CERRITOS,  CA  90701  (USA) 

ABSTRACT 

This  paper  reveals  unique  performance  capabilities  of  High-Temperature 
Superconducting  Thin-Film(HTSCTFs)  for  possible  applications  in  miaowave  bandpass 
filters(BPFs).  Microwave  filters  fabricated  with  HTSCTPs  have  demonstrated  lowest 
insertion  loss,  highest  rejection,  and  sharpest  skirt  selectivity.  Thin  films  of  Yttrium 
Barium  Copper  OKide(Y^O),  Bismuth  Strontium  Calcium  Copper  Oxlde(BSCCO)  and 
Thallium  Calcium  Barium  Copper  Oxide(TCBCO)  will  be  most  attractive  for  filters. 

INTRODUCTION 

Recent  research  and  development  acdvitiM  on  HTSC  microwave  devices  Indicate  that 
HTSCTF  microstrip  lines  offer  improved  RF  performance  over  conventional  microstiip 
lines  operating  below  40  deg  K.  Furthermore,  a  HTSC  filter  using  kinetic  inductance 
tuning  element  offers  superior  alternative  to  a  YIG  filter,  which  suffers  fiom  high 
insertion  loss  and  long  tuning  time.  Implementation  of  both  MMIC  and  HTSC 
technologies  in  a  mlaowave  filter  will  offer  significant  improvements  in  sensitivity, 
insertion  loss,  dynamic  range,  weight,  and  size.  Values  of  surface  resistance  (Rs)  for 
YBCO  thin  films  on  lanthanum  aluminate  <  LaAloS)  substrate  are  computed  as  a  function 
of  temperature.  Microwave  filters  employing  conventional  structures  suffer  from  weight, 
size  and  insertion  loss.  A  HTSC  microwave  filter  will  hardly  have  a  loss  of  a  fraction  of 
a  dB  compared  to  filters  using  other  structures. 

FILM  DEPOSmON  TECHNIQUES  AND  PRCX:ESSING  REQUIREMENTS 
HTSC  film  compounds  and  substrate  materials  require  strict  lattice  match  and 
compatibility  with  each  other  to  achieve  uniform  film  thickness,  optimum  surface 
geometry  and  stable  structure.  Epitaxial  thin  films  of  YBCO(123)  compound  have  been 
grown  successfully  on  several  substrates  such  as  SrTio3,  MgO,  YSZ  and  LaAlOS.  Suitable 
deposition  and  processing  techniques  must  be  used  to  meet  the  structural  characteristics, 
transport  properties  and  surface  quality  for  low  insertion  loss  at  MM-wave  frequencies. 
Quality  factors  for  various  films  and  substrates  at  10  GHz  are  calculated  for  various 
flints  and  substrates.  Sapphire  has  the  highest  unloaded  Qs  below  10  GHz.  However, 
lanthanum  aluminate  provides  the  maximum  unloaded  Qs  at  MM-wave  frequencies. 

THEM  HLM  FABRICATION  TECHNIQUES 
Fabrication  of  HTSC  films  for  microwave  filters  requires  comprehensive  knowledge 
regarding  HTSC  film  compounds  and  low-loss  substrates.  Metal  organic  chemical  vapor 
deposltion(MOCVD)  is  widely  employed  to  achieve  high  quality  HTSC  thin  films.  Three 
distinct  film  deposition  and  fabrication  processes  are  available  which  are:(l)  A  two- 
step(growth/post  anneal)  process  requiring  oxygen  anneal  at  950-980  deg.C,(2)  An  in- 
situ  (one  step,  no  post  growth  anneal)  process  at  800-850  deg.C  and  (3)  A  plasma- 
enhanced,ln-8itu  is  possible  still  at  lower  temperature.  High  quality  HTSC  thin  films  can , 
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be  obtained  only  at  lower  growth  temperatures. 

PERFORMANCE  CAPABILITIES  OF  FILTERS  USING  HTSC  TECHNOLOGY 

Minimum  in-band  insertion  loss,  high  out-band  rejection  and  sharp  skirt  selectivity  are 
strictly  dependent  on  unloaded  of  HTSC  films  and  substrates.  Measured  performance 
parameters  of  various  BPFs  at  77  deg.K  using  HTSC  YBCO  films  on  LaA103  substrates 
are  compared  with  calculated  data.  The  response  of  a  HTSC,  4>pole,  4.8  GHz,  BPP 
reveals  a  loss  less  than  1  dB  over  2.5  %  bandwidth.  Computed  values  of  insertion  losses 
for  narrowband  HTSC  filters  are  much  lower  over  filters  using  conventional  structures. 
The  calculated  insertion  loss  of  a  edge-coupled  HTSC  microstrip,5-pole,  15  GHz  BPF  at 
80  deg.K  using  the  LaA103  substrate  is  less  than  0.75  dB  over  3.5  %  bandwidth. 

Significant  performance  improvement  is  possible  in  a  filter  using  TCBCO  films  on 
LaA103  and  MgO  substrates.  The  insertion  loss  will  be  much  lower  tecause  of  lower  RP 
surface  resistances  associated  with  Thallium  films.  The  measured  Insertion  loss  of  a  3- 
pole,  10  GHz,  BPF  using  Thallium  films  on  LaA103  substrate  is  less  than  0.3  dB  at  77 
deg.K,  the  lowest  value  reported  so  far.  Our  studies  indicate  that  a  filter  fabricated  with 
thin  films  of  Thallium  on  Lanthanum  Aluminate  substrate  will  provide  lowest  insertion 
loss  and  sharp  skirt  selectivity  even  at  MM-wave  frequencies. 

SUMMARY 

HTSC  microwave  filters,  including  low  pass,  high  pass,  band  reject  and  band  pass  filters, 
will  be  found  most  attractive  for  applicadot^ ,  where  minimum  insertion  loss,  lowest 
dispersion,  minimum  delay,  and  compact  packaging  are  the  principal  requirements. 
HTSC  filters  have  potential  applications  in  low-noise  receivers,  high  ^rformance  ECM 
systems,  space  sensors  and  satellite  communication  equipment,  where  weight,  size  and 
power  consumption  are  the  altical  parameters.  Further  research  is  required  in  the  areas 
of  equilibrium  thermodynamics,  kinetics  film  growth  temperature,  oxygen  pressure  and 
surface  control  techniques  to  produce  high  quality  HTSC  films  for  MM-wave 
applications.  High  Q  resonator  Biters  offer  lowest  in-band  insertion  loss,  highest  out- 
band  rejection,  steepest  skirt  and  maximum  power  handling  capability. 
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Steerable  scattering  diagram  of  a  finite  set  of  magnetized  ferrite  cylinders 

V,  Kalesinskas,  V.  Shugurov,  N.  Milevsky,  A.  Puzakov 

Vilnius  University,  Department  of  Physics 
Vilnius,  Unlversiteto  3,  Lithuania 


The  main  purpose  of  the  research  is  to  determine  the  steerabili^  of  scattering  diagram  in 
diffraction  by  several  magnetized  ferrite  cylinders.  We  have  shown  the  principal  possibility  of 
that  in  [1],  There  are  three  feasible  magnetization:  1)  longitudinal,  2)  azimuthal  (of  a  metal 
cylinder  with  ferrite  coat  )  and  3)  transversal.  We  consider  here  only  the  flrst  one  easily  done 
in  practice. 

Permeability  of  ferrite  is  being  described  by  Polder’s  [2]  tensor 


fi  iv 
‘iv  IX 
0  0 


0 

0 


(1) 


where  we've  Introduced  the  additional  parameter  1.  The  rectangular  waveguide  mode  Hiq  is 
being  imitated  by  two  plane  waves  expanded  in  cylindrical  partial  waves  as  the  geometry  of  the 
problem  requites 

Electromagnetic  interaction  of  cylinders  can  be  taken  into  account  using  the  formula 


e'"^  ZJkr) 
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for  the  expansion  of  a  cylinder  wave  of  axis  1  in  waves  of  axis  2  (Fig.l). 


♦ 


a 


> 


Fig.l  Fig.2 

Generally,  we  solve  the  model  problem  exactiv  though  practically  wo  cut  the  infinite  system  of 
equations  for  unknown  amplitudes  of  scattered  field  bringing  this  way  some  Inaccuracy  in. 

Writing  the  incident  Nio  mode  as  the  sum  of  cylindrical  waves 

fi  -  ^  /  (kr)c^"^ 

I  m- .00  m  «»' 

we  get  (Fig.2)  amplitudes  at  the  point  (JCo,yo)  *■  ("O'"  co8(fcyyo  +  tVk"*y^^x* 

The  maximum  amplitude  and  thus  the  strongest  interaction  of  a  cylinder  and  the  incident  wave  is 
when 

yo  -  (-mvk  +  pn)/ky,  p  “  0,±l,i2 .  (3) 

Particularly  when  m  ■■  il  we  have  from  (3)  the  point  of  circular  polarization  of  waveguide 
magnetic  Held. 

Formula  (3)  states  that  every  partial  wave  has  its  own  optimal  position  for  the  cylinder. 
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But  If  <f>^ln  «  piq,  where  p,q  are  integer,  then  there  are  not  very  many  such  positions.  For 
example  for  ■  n/3  we  have  only  three  points  with  yja  “  0,±l/3  and  one  can  put  within 
waveguide  three  cylinders  of  maximum  radius  rg"  a/6. 

In  numerical  calculations  we've  used  following  ferrite  parameters:  permeability  Uu"' 
permittivity  c  »  13,  saturation  magnetization  3.742*  10^  A/m,  wave  length  \  >  3*10*3  m,  We 

satisBed  condition  (3)  changing  waveguld's  width.  The  bias  D.C.  magnetic  field  was  taken  near  to 
resonance  and  either  equal  for  all  cylinders  (dashed  lines)  or  changing  in  a  linear  fashion  along 
y  •  axis  (solid  lines  on  Fig. 3,4)  the  values  beeing  higher  H^, 

Flg.3  shows  the  dependence  of  scattered  power  on  distance  d  between  the  two  rows  of  the 
grid  having  3  and  5  cylinders  in  the  first  and  the  second  rows.  Intervals  I  »  2ro,  Tq-  X/12, 

2.696*  10«A/m,  a  X, 


On  Flg.4  we  give  scattering  diagram  of  the  same  grid  when  d  ■■  0.643  x, 


- ^  if* 

Fig.4 
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A  NOVEL  TYPE  OF  WAVBOUIDE-TO-COPLANAR  WAVEGUIDE  ADAPTER 

Gong  X«  Waug  J1 

Dapartmant  of  Elactronlc  Ek\glnaarlrg 
Tainghua  Univaralty 
Baljlng  1000B4,  China 


Ahltgifit 

A  novtl  typ*  of  vAvtguldt-to-eoplinar  vavagulda  adaptor  la  propeaad,  which  offara 
fairly  good  broadband  parfomanea  of  tranaaltlon  in  Ka-band  at  ravaalad  by 
aiparlnant.  It  la  baliavad  that  it  la  vary  uaaful  in  tha  ayatan  whara  MIMIC 'a  ara 
utillaad  with  wavagulda  davloaa  togathar. 

Li _ ifltEoattftUan 

Utlllalng  tha  planar  tranamlaaion  llnaa,  tha  HIMZQ'a  hava  rapidly  dovalopad  in 
racant  yaara.  on  tha  ona  hand,  It  brlnga  tha  advantagaa  of  high  parfomanea,  good 
raliabillty  and  la  coapaet  In  alia.  On  tha  othar  hand,  tha  traditional  atructura 
aueh  aa  wavagulda  can  not  ba  totally  raplaoad  In  many  caaaa.  Tharafore,  propar 
adaptation  batwaan  wavagulda  and  planar  tranamlaaion  llnaa  la  fatal  for  tha 
application  of  NIMIG'a  In  a  mllllmatar  wava  ayatam.  Tha  amphaala  of  thla  paper  la 
laid  on  tha  tranaition  batwaan  wavaguida  and  eoplanar  wavaguida,  for  tha  raaaona  of 
(1)  tha  lattar  haa  baeoma  ona  of  moat  wldaly  uaad  tranamiaalon  llnaa  for  ita 
outatanding  faatura  of  aaay  Implamantation  of  activa  alamanta  and  (2)  aueh  kind  of 
tranaition  haa  raraly  boon  diacuaaad  in  tha  preaant  litaratura. 

3»,.,Bniga 

A  now  typa  of  wavagulda-to-coplanar  wavaguida  (CPW)  adaptor  la  propoaad,  Fig.  \ 
ahowa  tha  atructura  of  It.  An  olactrle  proba  on  a  dlalaetric  aubatrata  formad  by  an 
aitanaion  of  tha  control  atrip  of  GPW  ia  inaartad  vartlcally  into  tha  wavagulda  from 
a  narrow  aquara-ahapod  window  In  tha  middle  of  tha  broad  wall  of  tha  wavagulda.  Tha 
aubatrata  aitanda  acroaa  tha  ontlro  holght  of  tha  wavagulda  for  machanlcal 
atablllty. 


A  •  A 


Fig.  1  The  atructura  of  tha  propoaad  wavagulda- to-CPW  adaptor 
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A  test  configuration  la  outlined  In  Fig.  2.  It  conalata  of  two  adapter!  connected 
back  to  back  by  a  23oun  long  CPW.  By  optimizing  the  probe  ahape  and  adjuatlng  the 
poaltlon  of  the  eliding  ahorta,  rather  good  tranaltlon  characterlatlc  can  be 
obtained. 


3  ■  .iKPiiAfflant 

The  characterlatlc  Impedance  of  CPW  la  calculated  by  meana  of  the  method  of  line 
[1],  than  different  alie  of  probe  haa  been  carefully  teatad.  Typical  reaulta  are 
given  In  Pig. 3.  To  b»'  atreaaed  la  that  the  tranamlaalon  loaa  maaaured  la  cauaed  by 
two  auch  adaptera  at  two  enda  and  a  2Smffl  long  CPW  In  between. 


Fig.  2.  The  ezperlmental  aetup 


Fig.  3.  Typ.lcal  reeultJ  of  the  meaaurement 

It  can  eaally  be  aeen  that  ualng  a  0. 3x2.0  (WxD)  rectangular  probe,  the  Inaertlon 
loaa  of  the  whole  aetup  la  leaa  than  2dB  (leaa  than  IJB  for  alngle  adapter)  and  the 
reflection  la  lover  than  0.2  In  a  bandwidth  over  BGHz  In  Ka-band. 

it  ..gQnfilMlQD 

The  preliminary  experiment  ahowa  that  the  propoaed  atructure  of  wavegulde-to-CPW 
adapter  can  offer  fairly  good  broadband  performance,  ao  that  la  a  promlalng  approach 
for  the  application  In  millimeter  wave  ayetema. 
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SEMICONDUCTOR  SUBSTRATE  IN  FiNLlNES 
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ABSTRACT 

The  theory  and  nuAcrica]  resulb  to  the  effective  duleetria  constant  and  attenuation 
constant  of  bi!«t«.  :at  fiidme  atmeture.  contidaring  the  eoAduetor  ihiclums  and  seaticonduotor 
rubstrate  fa  presented.  The  full  wave  analysfa  or  the  Tranrvene  Trensmbskm  line  ttedwd  bi 
Fourier  tnuMfom  domein  •  FTD  fa  uied.  The  numerical  recutfa  are  ooraputed  'with  a  pregraia 
developed  far  Fettrenf  f  languas«> 

THEORY 

The  TraavvAfAn  Transmfasion  Line  Method  hw  been  ueed  in  the  enalyefa  of  plaruu 
anuctu'ce,  pastieulMy  fci  etud^  of  flnlinas  ctnuturas  on  loeilcst  dialaecrk  and  camloonduotor 
aubstrata  (1],  In  ref.  j[2],  the  affaet  of  the  oondaetor  thicknets  only*  had  been  ccmid«red> 

the  cross  section  of  the  baateral  flnline  with  conductor  drichness  eerd  semiGOtrdu«tor 
substrate  fa  shown  far  fig.  i.  In  this  study ,  the  siiatdtwvcous  eomidcration  ot  (he  conductor  thkknesi 
aird  senieenduQtor suMtniic  fa  ^wietnei^to  the  itaioture  thown  Infla.l  Frotn  Maxwell  «o\iati^> 
the  ejjactric  and  nogncHe  flelda  *xi>  Hxi  end  Hx(,  w  function  of  dre  trimsvcne  oompenent  EyS 
and  Hyi.  era  obtained  fat  Foiviar  Trannofiit  Domafai  in  each  one  of  the  dielectric  regiofiB  (iaZ  3t  S). 
Whh  the  axiMWMiona  of  the  eUetremagnctlo  fieldci  the  boundoiy  epndfabns  fr*  eppiMjl  at  Ina 
farttifaces  'g*  and  V,  ond  th«  exprealons  of  the  cuwent  dci^ias  7xt2 

obtained  as  function  of  alectrio  field  fai  the^  Interfaces  Ixtii  »xt2  knd  Ezt2  An 
faihottogeneous  vafaix  equaticn  fa  obtained  ;  YE«J, 


Fij^.l  •  Blloterd  Flnline  crocs  cecticn  with  conductor  thiokcess  and  semiconductor  substrate 
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The  Y  antra  reprmontinj^  (he  Green  ^o<lic«dmittor|P«  fumction  of  the  struolu^D  b 
obtained  £xpMndin;B  the  electric  fielcb  s^tl  •  ^t2  ^  «|iwe  at  bash  funotions;, 

and  wing  the  Moaent  aethod,  a  hoaogenew  attiiix  equation  i  obtained.  The  charaoteriso 
aquation  Si  developed  utcl  the  anenuation  eotutanr  a,  and  the  phue  etmuttu  fi  are  coaputed 
numerically.  The  effeot^e  dielectric  constant  is  given  by  «•  <  d  /  Kq)'  ,  •where  Ko  is  the  free 

apace  wAvomuaber. 

RESULTS  AND  CONCLUSION 

The  Pig. 2.  shows  the  atfeotive  dielectric  ooiMwit  as  function  of  frenuenoy.  with  the 
thiclonets  'r'.  It  eon  be  noted  that  elfeetive  dleleecrio  eoraUnt  increases  with  the  fareqiiancy. 
Keeping  the  frequency  oonstant,  decrewea  when  thioknass  hr  increased.  The  Fig.3  ahowt  the 
ademiaRon  cohstont  es  function  or  frequency,  ft  can  be  noted  that  htcreasing  me  conductor 
diickness,  a  decraasos  to  the  same  fraquaney.  It  is  obt«rv«d  ih«  agreement  wUh  the  points 
obtained  by  theory  in  Ref.  [1]  ivhen  VaOi  land  the  polnb  obtained  by  tfieoty  in  Itef.p)  when  eg  ■>  0, 

The* semiconductor  substrate  used  itt  region  3  b  C«AS|  wttli  jtfg  ■  12.0.  The  nimeticel 
results  were  ccunputed  wing  WH28  Waveguide,  WlaO.lSniffl,  2gaO»2S4mm, 
dgkOgaO  and  SM. 

The  developed  prograia  far  very  Important  beuaiae  yitldi  the  propagation  constant 
y  w  ei  *  iO  of  the  bllatet'iu  faJirte,  coiwideraig  (lie  influance  of  conductor  iluoknatia  and 
semiconductor  substrate  together.  This  yields « fuU  descriptiion  of  die  bflatend  finline. 

This  work  k  peitia0y  suportSc  by  CN^  and  CAPES. 

— ^  •  f-0.0001mm 


e.| 

fr. 

4. 

%' 

8,'- 

0. 


"  hao.ooimm 
•  ri^.Olnnm 

- 315, 


1C.  20.  SO.  40.  60.  80.  70.  SCI  0,  10.  20.  30.  40.  50.  SO,  70.  Sa 


ffaits) 


KQHae) 


Fig.3  ■  Effective  dielectric  constant  n 
hmetion  of  frequency  for  tlie  bilateral  finline 
wHh  semiconductor  frubstrata  ondconductor 
thickness 


Fig.3  *  Attenuation  constant  as  function  of 
frequency  for  the  bBateroI  finline  with 
scffllconduotor  substrate  and  conductor 
Ihieknara. 


(1]  H.C.C.  Fernandes,  j.R.S,  OI-^'«iru  end  AJ.Ciarola,  "Dkperslon  in  Flnlines  on  semioonducier 
and  the  S-porometen  cf  n  step  discontinuity".  International  fcumnl  of  Infrared  end 
MiltmelerWdveji.Vol,  12,  N«S,pp,  fl05«513,  May  1991. 

121  H.C.C.  Femmes.  E.AM.  Souza,  E.D.  Swbwia,  end  N.D.  Freitas,  "Charactorlaatlon  of 
Unilttteral  imllne  concidering  th*  conductor  thickneats",  iTth  Intenuitionol  Confertnee  on 
InlraredondMillmetcr Waves,  Cord,  Proe,  ^0.480*48 1,  Pasadena  ■  CA,  USA. ,  Deo.  1992.. 
131  T.  KJlasjowa  and  R  MlHwi,  "AnalysiB  of  finltoe  •with  fklle  MetaJUgallon  tKiqttnew",  IEEE, 
rranp.  on  Microwave  Theciy  and  Tech,  VoL  MTT*32.  N»  11.  pp.l484<le02.  Nov.  1989. 
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Characteristics  of  Microstrip  Lines  with  Finite 
Metallization  Thickness  and  Turning-up  Edge 
for  High  Power  Transmission 

ho  Ihang  Roag  and  Ihong  Llaag  Sub 
stata  Kay  Laboratory  of  Nillimatar  wavaa 
Dapartsaat  of  Radio  lagiaaarlng 
•outhoaat  Oaivaraity 
Maajlag  aioois,  Jiaagau 
Raopla'a  Rapublio  of  Chlaa 


Abstract 


Thla  papar  praaonta  a  Quaal-TEM  analyala  of  tha  nioroatrlp 
llnaa  with  tho  finita  matalllaatlon  thiokneaa  and  turning-up  adgas. 
Tha  oharaotarlstlo  lapadanoa  and  affootiva  dlelaotrlo  oonatant  art 
glvan  aa  funotlona  of  tha  matalllaatlon  thioknaaa  and  turnlng-up 
profllo  of  tha  adgaa.  At  tha  axtrama  caaa  whara  the  matalllaatlon 
thioknaaa  la  aaaumad  to  ba  zero  and  tha  turning-up  profila  of  tha 
adgaa  la  of  tha  oiroular  arc,  tha  oaloulatad  raaulta  ara  oomparad 
with  tha  maaaurad  data  avallabla  In  lltaraturaa.  Thla  modified 
configuration  of  tha  mlcroatrlp  llna£^  axhlblta  great  potential  for 
high  power  transmisaion. 
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Spectrum  dynamics  oX  non-radlatlng  modes  oX  semi-open 
transmission  lines  based  on  planar  waveguide  ;)olnts 

Alexander  Yuehohenko  and  Sergey  Shlbulkln 
Microwave  Devices  Laboratory  of  Kharkov  State  University, 
Vreedom  Square  4,  310077,  Kharkov  .UKRAINE 


ABSTRACT 

Study  of  the  physical  nature  of  existence  of  the  natural^  and  quasl-naturai^ 
modes  of  Hpao  type  In  H-plane  waveguide  Joints  sxiggests  the  Idea  of  the  pos¬ 
sibility  of  creating  Joints-  based  transmission  lines  having  the  Ei  i  working 
wave  .  A  rigorous  theorotloal  analysis  of  eleotrodynamlo  characteristics  of 
the  saldmodes  was  carried  out  with  the  help  of  Tref  ts  method.  A  reotangulaoc* 
region  of  orthogonal  waveguides  fields  connection  that  has  no  special  points 
Inside  the  mode  bases  matching  lntez*val8  was  separated  a'*'  the  stage  ol  dete¬ 
rmination  of  the  problem  geometry  .  Presented  below  are  the  results  of  the 
analysis  of  the  spectrum  dynamics  of  non-  radiating  H-  andE-  waves  in  trans¬ 
mission  lines  prospeotlve  for  the  millimeter  wave  band. 


1  ■  sTOPim  siRPCiuias.  fibb 

Among  the  structures  shown  below  only  the  groove  ^Ide  Is  capable  of 
propagation  of  Hoi  wave  without  radiation  i  In  semi-open  (D)-(C{)  structures 
non-radiating  conditions  are  ensured  by  Ei  i  wave . 


(a)  Hoi  mode 
|Hs I^Const 


(t)  Ell  mode  (C)  Ell  mode  (d)  En  mode 
|Ee|aConst  |Esi>»0onst  |Eb|  ■Const 


Accuracy  of  the  eleotrodynamlo  modelling  of  wave  processes  oarrled  out  on 
the  basis  of  Tref  ts  method  depends  on  the  aocuz^acy  of  fulfilment  ol  boundary 
condltione  .  In  our  approaoh  an  electric  field  representation  In  the  oonneo- 
tlon region  satisfies  termwise  all  the  boundary  conditions,  while  the  sougt- 
f  or  systems  of  linear  algebraic  equatlone  (  BLAB  )  of  the  second  kind  follow 
from  matching  the  tangent  magnetic  components  of  ths  oomplsts  field  .  There¬ 
fore,  the  character  Is  tlo  feature  of  the  obtalnedBIAE  Is  their  high  speed  of 
oonvergencto  of  numerical  result e  to  the  main  approximation. 

To  complete  the  above  said,  we  stApply  representation  of  &  oomponent  of  the 
E-  wave  field  (with  odd  Indices )  oharaoterlstlo  of  the  connection  regions  of 
the  studied  structures  (a)-((i): 


f*%*y 

coa - 

0 


0^(7, 

oM7rc^/^) 


+2  cos 

n 


n*%*X 

I 


I  -ira 

on(7„,o/2)j  * 
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whax>e  3f,  An  ara  flald  amplltudaa;  T-z  +  n  -  "/[ncf)  %/l{C)  5 

r  la  propagation  oonatant:  n,ls1 ,3,5. . . 

Iha  groova  gulda  (a)HK  (n-wava  )  oomponant  rapraaantatlonauohaa: 

n*ic*a:  I  -iTz 

I  an(7„, 0/2)1  ® 


ain -  -  -)  00a 

0  oMii,^l/S)  f  “ 


•nzur*,  torm-by-tzrm  mz'tohliiZEOl  tangent  Bt  andEz  oonponanta  onboundarlaa 
of  tha  oonnaotlon  ragloni  n«0,2,4..t  f«1,3,5... 


Fl^e  .1-3  ahow  tha  raaulta  of  tha  oritloal  fraquanoy  oaloulation  ,  and 
(a)-  (a)  -  raaulta  of  oaloulation  of  aqual  laval  llnaa  of  tha  Zth  oomponant  of 
lowarnon-radlatlngmodaa.  Shara  ahouldba  notad  tha  limiting  valuaa  of  oal- 
oulatad  dapandanolaa .  Fig.  1  ahowa  that  wlxan  Z  tanda  to  0.  tha  fraquanolaa  of 
tha  E-  wavaa  tand  to  tha  fraquanoy  of  tha  planar  wavagulda  C  (G) ,  (b )  atruotu- 
ra] ,  andn-wavaa  C  (G)  atruoxura]  ramaln  oloaa  to  tha  fraquanolaa  of  Hoi  wava 
of  tha  oorraapondingraotangularwaTaguidaa.  Whan  Z  aa^a  big.  tha  fraquanolaa 
of  E  -  mdH  -  wavae  tand  to  tha  fraquanoy  of  tha  planar  wavt^nilda  with  dlman- 
aiona  2.0-fC  ,  Fig.  a  ahowa  that  at  amall  valuaa  of  b,  H  -  and  £  -  wavaa  tend  to 
tha  f ra^anoy  of  tha  planar  wavagulda ,  whlla  at  big  ’raluaa  of  b  tha  H  -  wavaa 
tand  to  Ho  1  fraquanoy  of  tha  raotangular  wavagulda ,  and  E  -  wavaa  -  to  that  of 
tha  oroaa  -  aliapa  wavagulda  (b ) .  Fig.  3  ahowa  that  at  Inoraaaa  of  d wavaa  Eit  1 
and  Ell  of  (d)  atruotura  tand  to  tha  fraquanoy  of  Ei  1  wava  of  (C)  atruotura, 
tha  dapandanolaa  thamaalvaa  balng  typloal  for  tha  oonnaotlon  fraquanolaa 
of  oophaaa  and  antlphaaa  modaa  In  tho  out-off  wavagulda. 

4,  OON01.t)SION 


Tha  praaant ad  flald  rapraaantatlon  anablad  to  both  obtain  phyaloally  oor- 
raot  aolutlona  for  tha  oritloal  fraquanolaa  of  proapaotlva  tranamlaalon  ll¬ 
naa  and  oaloulata  running  attanuatlono  . 


09.1  09.2  Hg.J 
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TRANSVAR  DIRECTIONAL  COUPLER  FOR  MILLIMETER-WAVE  APPLICATION 

Yonghui  Shu 

Eptilon  Lambda  Etectrooica  Corporation 
427  Steveni  StiMt,  Oeneva,  IL  601 34 


Abitract 

A  mllllmato^wave  band  coupler  at  77.S  OHz  with  6  dB  ooupUng 
level  hai  been  developed.  Tlie  coupler  oflbred  leu  then  2.0  dB 
burtlon  loii.  ±  O.S  dB  variation  in  coupling  level  and  a  typical 
laolatlon  of  23  dB  over  approximately  10  OHx  bandwidth.  Other 
flrequenoy  band  coupten  ^thdifliiMnt  coupling  Ibetorhave  bean 
developed  alio.  The  advantafei  of  thii  type  of direotionil  coupler 
are  Ite  large  flexible  coupling  ievol  uieotlon  (ftom  0  to  100 
percent),  etoplioity  In  deil^,  lowcoitand  excellentprodudblllty. 

I.  Introduction 

Although  there  ate  varioui  tranimiaalon  media  propoeed  thui  far 
for  mlMowave  and  milllmote^wave  dreult  application, 
conventional  rectangular  waveguide  li  itill  a  mgjor  tranimliilon 
line  in  moet  microwave  and  mOllmetar-tvave  ayitemi  due  to  the 
advantagu  of  low  lou,  medium  power  handing  capability,  and 
oonvenianoe  for  incorporation  of  packaged  lolld  state  dovioei. 

Tranavar  directional  coupletfl]  la  a  rectangular  waveguide  type 
coupler  which  can  be  dealgned  to  tranifer  variable  amounti  of 
power,  0  to  100  percent,  from  one  waveguide  to  the  ether.  The 
original  Tranavar  coupler  waa  propoud  and  reallnid  at  X«band. 
The  coupling  element  of  Tranavar  coupler  la  in  the  common 
narrow  wall  (H>plaao)  of  the  two  waveguldu.  The  advantage!  of 
thla  type  of  coupler  ate  Iti  flexible  coupling  level  ( 0  to  lOOH), 
moderate  operation  bandwidth,  conventional  waveguide 
conflguratlon,  elmpllolty  In  deilgn  and  excellent  performance.  By 
modern  machinery  technlquei,  auch  ai  computer  oontrolled  CNC 
mlllbg  machine,  thla  type  of  coupler  can  be  easily  reallud  In  low 
cott,  good  produclbllity  and  mui  production  for  oommeroial 
application. 

In  this  paper,  the  Aindamental  operation  prlnoiplei,  the  analyiia 
formuiai  and  design  procedures  of  the  Tranavar  coupler  are 
given.  Ai  a  design  example,  10  couplets  with  frequency  centered 
at  77.3  OHx  and  6  dB  coupling  level  were  developed.  The 
meaiurad  performance  oharaoteriitlce  show  low  insertion  lose, 
moderate  bandwidth  and  good  produclbllity  which  impllei  that 
thii  coupler  la  an  ideal  candidate  for  mlllimetsr*wove  low  coat 
application. 

II.  Configuration  and  Fundamental  Principle 

The  oonflguratlon  of  Tranavar  coupler  is  shown  In  Figure  1 .  The 
coupling  element  which  coniiati  of  N*  1  vertical  grid  wirea  la  in  the 
common  narrow  wall  of  the  main  and  lecondary  waveguides. 

The  frmdamental  operation  principle  of  the  coupler  can  be 
deiorlbed  by  the  modes  which  latliiy  the  boundary  conditions  In 
the  coupling  region.  Bailcalty,  there  are  two  main  modes,  namely, 
symmetrical  and  asymmetrical  .  The  asymmetrical  mode  is 
unafTeoted  by  the  grid  wires  if  the  wire  diameter  is  small  enough 


compared  to  waveguide  width  wliile  symmetrical  mode,  on  the 
other  hand,  la  inductively  loaded  by  the  grid  wires,  which  reiulta 
b  a  slower  phase  velocity.  There  U,  therefore,  a  differenoe  of  the 
phase  velocity  of  theae  two  modes.  A  superposition  of  the  two 
model  will  produce  an  elaotrio-flald  ma.tlmum  where  the  two 
modes  are  in  phase  aitd  a  null  whete  the  two  modes  are  out  of 
phase.  Thla  can  be  exptciied  by  foUowbg  equation 


«  ■(2iid/X^)>(2iid/X/) 

0) 

Tht  above  aquation  can  be  rewritten  ae 

d»l/[(2d/X^)-(2d/X^)] 

(2) 

where  is  the  guide  wavelength  of  the  symmetrical  mode 

kj  la  the  guide  wavelength  of  the  asymmatrkal  mode 
d  u  the  diataace  between  an  electric  fleld  maximum  and 
an  a4iaoent  ntiU  b  one  waveguide. 

b  the  Gouplbg  region,  asiumiug  that  the  amplitude  of  the 
symmetrical  and  asymmetrical  medea  are  the  same  and  equal  to 
halfofthabputelectriofleldBs,  the Msultant  electric  fleld  la  the 
mab  waveguide  1  can  be  expressed  as  the  followbg 

Bi*(Es/2)(l4e‘>(Bs^2)(HwMa'«'Jil>^«)  (3) 

where  a  la  the  phase  differance  of  the  electric  vecton  of  the  two 
modes. 

The  amplitude  of  normallxed  reauluut  electric  nrid  b  waveguide 
1  end  2  can  be  expressed  by 

lEi/E«l>oosa/2'*oos(fiU2d)  (4) 

lB^E*l"sba/2>ab(nL/2d)  (S) 

whete  L  b  the  length  of  the  aperture  or  oouplbg  region. 

Then  the  power  In  the  two  waveguides  can  be  expressed  by  the 
followbg  equations 

Pi/pH>oot'(HL2d)  (6) 

lVP««ib'(aU2d)  (7) 

Prom  equations  (6)  and  (7),  If  L  is  less  than  d.  the  coupler  will 
partially  couple  the  pswer  from  wave  1  to  waveguide  2  and  If  L 
la  equal  to  d,  3d,  3d  end  so  on,  the  100  %  power  oouplbg  will 
happen.  Therefore,  any  oouplbg  level,  from  0%  to  lOOH,  can  be 
cBilly  achieved  by  design  the  length  of  the  coupling  region. 

III.  Antlyiii  PormultB  and  Syntheilt  Prooedun 

For  coupler,  the  power  coupling  factor  C  ii  defined  by  equation 
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(7),  which  can  be  re-wiitten  ai  following 

C»Pi/P*«iin’[n(n+l)l/2dJ  (8) 

where  L">(n-(- 1  )l,  in  which  n  it  (be  number  of  the  wtret  and  I  ii  the 
ipaclng  between  two  adjacent  witei. 

A<  mentioned  above,  becaiiK  the  eeymmetrica!  mode  ii 
unaflbcted  by  the  preienoe  of  the  grid  wlrei,  thii  mode,  which  ii 
the  TE„  mode  in  the  oompoitite  of  the  ooupUug  region,  hu  a 
guide  w-  -. .  length  equal  to  that  of  the  !!!,« mode  in  thr  lingia 
guide.  On  the  other  hand,  the  guide  wavelength  of  ^e 
aymmetricel  mode  wai  expnuec  in  [1],  which  ii 

(9) 

whete  d  ii  the  angle  of  inoldenoe  of  the  electric  field  upon  the 
wiree  in  the  coupling  region.  The  angle  6  can  be  obtained  from 
following  equatlcrt 

tan[(2xBCOi6)/lJ  •  [(•2looieyiJtIn(l/2nr)-t>F(a,l/l,)]  (10) 

or 

(tanpVp  » (•l/Rt)(ln(l/2«r)-f  P(e,VX^l  (11) 

when  r  ii  the  radiue  of  the  wire  ((«!),  F  ie  a  oorreotlon  term  given 
graphically  by  [2],  a  ii  the  width  of  the  waveguide  obatinel  and  p 
>  (inacoeOV^t 

By  lolving  p  and  computing  the  angle  of  6,  the  guide  wavelength 
of  the  lymmertioal  m^o  can  be  obtained  from  (9). 

Proiit  the  above  explanation  ond  anaiyila  equations,  the  lyntheiii 
procedure  li  developed  ai  followi: 

1)  Seteut  b  nnd  1/1m  And  P'(8,l/X^  iVom  the  ourvei 
ihown  in  [2]  and  caloulatu  2r  Aom  equation  (10)  ae  initial  valut; 

2)  Utieg  Klcoted  0  and  calculated  3r  bi  itart  point, 
Miect  nal  2r  and  um  equation  (10)  to  find  a  B  which  will  force 
F(e,l/)LJ  equal  to  F'(e,yXJj 

3)  Uee  0  found  from  step  (2)  and  equation  (9)  to 

calculate 

4)  Chooie  deiired  coupling  factor  C  and  um  equation 
(2)  and  (9)  to  find  the  number  of  wirei. 

IV.  Design  Example  and  Perfonnanoe 

The  deilgn  of  77.  S  GHx  Tranivar  directional  coupleri  with  6  dB 
^upllng  level  hae  been  performed  uilng  the  above  procedure. 
Ten  of  thoie  unite  with  almoit  identical  performance  have  been 
realind  for  tranioelver  lubiyitem  application.  The  typical 
meaiured  performance  of  the  oouplen  Isehown  in  Figure  2.  The 
reiulta  ihow  that  the  coupler  ofTeri  leii  than  2.0  dB  InMrtlon  loie, 
±  0.5  dB  variation  in  coupling  and  25  dB  of  ieolation  over  tO 
OHx  bandwidth.  Due  to  the  dynamic  range  limitation  of  the  teit 
equipment,  the  actual  ieolation  of  greaterthan  25  dB  waeoheoked 
ueing  0  different  Mtup.  The  meaiured  coupling  level  generally 
cheoke  the  deeigned  performance.  Several  other  Tran»var 


coupkre  were  developed  and  teeted  at  millimetet-wave 
frequenciee  uleo.  Th«M  reiulU  eupport  the  concluilon  that  the 
Tranivar  coupler  can  b^  uied  ai  a  low  ton,  producible 
component  formlllimeter-wave  lubiyitemi. 

V.Cottclusions 

Tranivorciueotionalcouplonihave  been  tuuceiifhllydeiigned  and 
nalind  at  mUlimeter-wavo  frequency.  The  fact  of  the  limplieity 
in  dieign,  excellent  performance  and  good  produdbility 
Uluetratae  that  Tranivar  directional  coupler  ihould  have  many 
applioatloni  in  iMUlimetar>wave  commenolal  and  military  lyitem, 
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Plgttte  1.  Configuration  of  Tranivir  Coupler  at  W*bnnd 


Figure  2.  Typical  Meaauted  Perfoimnnoe  of  the  Coupler* 
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60  OHZ  MICROSTRIP-LINB  SP4T  PIN  DIODE  SWITCH 

Yonghui  Shu 

EpiUon  Lambda  Blectroaict  Corporation 
427  Steveni  Street,  Oeneva,  IL  60t  74 


Abitrtct 

A  ilmple  teohniqua  to  datarmina  tha  baam-laad  PIN  diode 
paramaten  at  mUUmatar  (Vaquenoy  hai  bean  davalopad.  Tha 
obtained  parametara  ware  uied  in  the  computar*aldad  dailgn  of 
tha  novel  60  OHz  mioroitrip  ilngia<pola  four-throw  (SP4T) 
iwitoh.  Tha  iwltoh  offara  laii  than  4.0  dB  iniartion  lou  (inoludlng 
about  1 .0  dB  waveguide  to  mioroitrip-lina  traniition  pair  lou  and 
circuit  lou)  and  graatar  than  20  dB  iiolatlon  in  each  path. 
Baoauu  of  iti  planar  configuration,  tha  twitch  circuit  it  amenable 
to  monolithic  davicai  integration  and  the  circuit  conllgumtioo 
can  be  eaiily  implemantad  to  tingle  pole  multi-throw  iwitoh 
dailgn. 

I.  Introduction 

Samiconduclor  control  devicat  havt  bean  utad  axtaniivaly  in 
radart,  radiomatry,  communication  lyatami,  and  to  on.  In  the 
milllmater-wava  range,  the  PIN  diode  itlll  holdt  lu  luptamaoy  ai 
a  control  device  mainly  baoauu  of  iti  high  twitching  ipead,  low 
control  power  requirement  and  higli  RP  power  handling 
capability.  MieroitripPIN  diode  tlngla-pola  iln^e>  throw  (SPS'H 
and  ilngle-pole  double-throw  (SPOT)  iwitchat  have  beau 
reported  at  mllllmatar  Arequancy  [I],  [2].  Mott  of  mlllimetar-wava 
PIN  diode  iwitohtt  built  to  far  ware  buad  on  out-and-try  method 
due  to  the  dlfllculty  of  PIN  diode  paramatere  maaiurameni  in 
mlllimatar-wave  fVaquonolai.  Additionally,  there  ia  demand  for 
tingle-pole  multi-throw  twitch  tudh  at  In  alactronlo  tuannlng 
antenna  application.  In  thit  paper,  the  PIN  diode  parametert 
tupplied  by  manufketurer  have  been  verlTled  directly  at  60  OHa 
by  building  a  SPST  twitch  according  to  computer  timulatlon. 
Utlng  the  verified  PIN  diode  paramcteri  and  developed  SPOT 
twitch  computer  timulatlon  program,  the  SPOT  twitch,  which 
wat  uied  lubiequently  at  tha  key  "element'  In  a  SP4T  twitch 
deiign,  hat  been  deiigned  and  tatted.  The  aoreement  of  the 
timulatlon  and  meaturement  reiulte  of  SPST  and  SPOT  twltchw 
guaranteed  the  accuracy  uf  the  PIN  diode  parametert  and  the 
reliability  of  the  circuit  modelt  and  computer  programi.  Baaed  on 
theu  information  and  knowledge,  the  SP4T  twitch  network 
computer  aided  deiign  program  wat  developed  and  the  mioroitrip 
SP4T  twitch  wat  deelgned.  The  SNT  iwitoh  demonitrated  an 
inurtion  lou  of  3.8  dB  (including  the  circuit  lou)  and  a  minimum 
iiolation  of  20.0  dB  in  each  path  over  6  OHz  bandwidth  centered 
at  60  OHa.  The  computer  aided  deiign  did  psadict  the 
performanoe  of  the  iwitoh.  The  twitch  circuit  it  amendable  to 
monolithic  implementation,  can  be  uied  for  linglo-pole  multi¬ 
throw  iwitoh  network  deiign  and  ihould  have  muny  application! 
in  millimeter-wave  lyitemt. 

II.  PIN  diode  Parameters  Verifleation 

The  PIN  diode  twilchet  uied  In  mioroitrip  configuration 
commonly  employ  beom-lead  diodei.  The  parailtioi  of  the  diode 
are  quite  high  at  millimeter-wave  Arequenolet  and  will  give  rite  to 


poor  circuit  performance  if  not  accounted  for  accurately  in  the 
circuit  deiign.  On  the  other  hand,  the  miin  dnign  iuue  of  the 
ilngle-pole  multi-throw  iwitoh  it  to  reduce  the  inurtion  lou  of 
the  circuit  by  utlng  ei  few  diodei  at  poitibla.  Thui,  it  beoomn 
more  Important  to  have  reliable  diode  paroinetenand  a  oomputar 
model  if  the  olrouit  only  employe  a  alngla  diode  in  each  path  to 
parfonn  the  twitch  ilinotion.  Technlquei  for  meaiuring  NN 
diodi  parnmattn  in  general  have  been  deioribed  by  White  [3].  It 
la  uttdantandabla  that  to  maaiurt  tha  diode  parameters 
accurately  at  millimata^wayt  Arequancy  by  mounting  tha  beam- 
lead  diode  in  the  olrouit  it  very  dlilloult.  The  alternative  ia  to 
verify  the  menufaetuier*i  paremeteri  by  building  a  timpla  tingle 
diode  SPST  iwitoh  iceoralng  to  computer  limulating  riiulti. 
Reaionably  accurate  parameteia  can  ba  obtainad  by  compering 
the  theoretical  pradietion  and  maaiured  roiulU  of  the  switch  and 
making  lomt  approprlata  ac|)uitmcat  of  the  dioda  parametert  if 
nicauery  with  the  computer  ilmulation. 

Figure  1  ihowt  the  mioroitrip  SPST  circuit.  The  circuit  ooniliti 
of  a  Marconi  DC2602  beam-laad  PIN  diode  mounted  on  the 
main  SO  0  fbedllna,  btai  circuit  and  tuning  itub.  Tha  diode  it 
timtinatid  by  a  SO  Q  tuning  stub  which  it  provided  to  tune  out 
tha  diode  paraiitlo  and  a  lowpau  flltar  which  providei  an  RP 
open  circuit  while  delivering  DC  power.  The  purpou  of  utlng  the 
additional  half-moon  stub  u  to  provide  a  better  RP  oharaoteriitio 
with  wide  bandwidth.  Tha  Input  and  output  of  the  circuit  were 
connected  to  ttandard  WR- IS  waveguide  through  the  itep-ridge 
type  mioroitrip  to  waveguide  traniltiont  (not  ibown  In  the 
figure).  The  iniertlon  lou  of  the  traniition  at  thii  Arequancy  wat 
well  defined,  which  It  about  O.S  dB  per  pair.  Tha  PIN  diode 
parameter! uied  In  themodel  were  provided  by  the  menufacturer. 
A  computer  program  wat  davaloped  and  utad  to  analyn  and 
optlminti  the  SPST  twitch  parformanca.  The  length  of  the  tuning 
Itub  and  the  paremeteri  of  the  PIN  diode  were  opthnlnd  with  the 
rcuonable  boundary  oonditiona  for  beat  inurtion  lou  and 
itolution  performnuoa  throughout  the  SS  to  63  QHt  range.  The 
optimlned  itub  length  and  modiflad  diode  pnrameteri  wart 
obtained. 

Uting  the  theoretical  reiulti,  the  SPST  twitch  wat  Aibrioated  on 
a  S  mil-thick  RT-Duroid  5880  lubitrate  and  tha  beam-laad  PIN 
diode  waa  bonded  on  the  olrouit  by  uting  tllverconductlve  Bpoxy . 
The  ewitch  performance  were  teited  through  itep-ridge  ty|^ 
mioroitrip  to  waveguide  treniltions  with  an  HP-8S3S  network 
analyinr.  Overall,  the  theoretical  and  experimental  reiulta  agree 
well  which  indioatai  that  the  modified  PIN  diode  parametert  are 
luAlciently  accurate  for  thii  mioroitrlp-lina  iwitoh  dttign 
application.  Tbit  reiult  hat  provided  the  foundation  for  the 
SPDT  and  SP4T  iwltohei  deiign. 

III.  MioroBtrip  SPDT  and  SP4T  Switchei 

There  are  two  poiilble  approaohei  which  can  be  uacd  to  realiu 
a  SP4T  iwitoh,  i.  e.,  one  level  four  way  powerdividcr  approach  or 
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two  level  two  way  power  divider  approach.  Due  to  the  diflloulty 
of  the  multi-port  power  divider  deaign,  the  SP4T  cwitchdeioribed 
in  thli  paper  wai  employing  the  two  level  SPDT  approach.  The 
benefits  of  using  this  approach  are  moderate  bandwidth, 
simplicity  of  design,  and  ease  to  extend  the  design  to  multi-throw 
switch  application.  Ultimately,  the  design  of  the  "key  element"- 
SPDT  s^tch  becomes  the  main  task  of  the  SP4T  switch  design. 

Figure  2  shows  the  circuit  configuration  of  the  miorostrip  SPDT 
switch.  The  purpose  of  the  quarter  wavelength,  low  impedance 
transformers  at  the  'T'  junction  is  to  provide  better  impedance 
matching  over  wider  bandwidth.  The  Ainotions  of  the  rest  of  the 
circuits  are  similar  to  thoM  of  the  SPST  switch.  In  order  to  reduce 
the  insertion  loss  of  the  switch,  a  single  PIN  diode  has  been 
implemented  in  each  atm.  Lett  than  1.0  dB  insertion  lou  and 
about  1 6  dB  of  isolation  throughout  the  SS  to  65  OHt  range  were 
obtained  firom  the  simulation  program.  Using  the  dimensions 
obtained  flrom  theoretical  analysis,  the  mierostrip-llns  SPDT 
switch  was  fabricated  on  the  5  mil-thick  RT-Duroid  5880 
substrate  and  the  performance  was  measured  through  the 
transition  with  the  network  analynr.  About  2.0  dB  insertion  lost 
at  aero  bios  condition  and  20  dB  isolation  at  20  mA  forward  biu 
current  condition  were  obtained.  The  slight  higher  insertion  Iom 
was  mainly  due  to  the  lost  of  the  transition  pair  ond  the 
miorostrip  circuit  lost  since  they  were  not  taken  account  in  the 
model.  Excluding  the  actual  losses  in  the  circuit,  experimental 
result  did  check  the  theoretical  prediction.  Thus,  the  SPDT  switch 
was  well  developed  and  to  be  used  in  SP4T  switch  design.  The 
simulated  and  measured  insertion  loss  and  isolations  of  the  SP4T 
switch  arc  shown  in  Figure  3,  A  3.8  dB  insertion  lost  at  asro  bias 
conditlotk  and  about  20.0  dB  and  35  dB  isolation  at  20  mA 
forward  bias  current  condition  in  different  paths  have  been 
achieved.  The  higher  measured  insertion  loss  is  including  the 
transition  loss  and  miorostrip  circuit  loss.  The  actual  lots  due  to 
the  switch  excluding  the  transition  lots  and  extra  circuit  lots  it 
about  2  5  dB  which  agrees  very  well  with  the  theoretical  results  of 
2.0  dB.  Additional,  the  measured  isolations  agree  extremely  well 
with  the  theoretical  prediction  if  the  additional  losses  ere 
subtracted. 

The  SP4T  circuit  proposed  in  this  paper  can  be  eatiiy  extended  to 
tingle-pole  eight-throw  or  multi-throw  switch  network  design  by 
cascading  3  level  or  multi-level  SPOT  switches  by  extrapolation 
of  the  results  reported  here. 

IV.  Conoliuiona 

A  simple  technique  and  computer  program  have  been  developed 
to  obtain  beam-lead  PIN  diode  parameters  b  millimeter-wave 
frequencies  accurately.  Bated  on  this  information,  the  CAD 
models  for  mlcrostrip  SPDT  switch  and  SP4T  switch  network 
designs  have  been  developed.  The  theoretical  and  experimental 
results  agree  very  well,  which  indicates  the  computer  model  and 
design  method  used  in  this  paper  are  very  reliable  and  useful.  The 
miorostrip  SP4T  twitch  Incorporating  one  pair  of  step-ridge 
miorostrip  to  waveguide  transition  achieves  3.8  dB  insertion  lots 
and  at  least  20  dB  isolation  over  6  OHz  bandwidth  centered  at  60 
OHz.  The  circuit  offers  many  advantages,  such  at  planar 
configuration,  ease  of  device  Integration,  and  low  cost.  The 
circuit  it  amendable  to  monolithic  circuit  Integration,  can  be 
extended  to  multi-throw  switch  design  and  should  have  many 


applications  in  microwave  and  millimeter-wave  systems. 
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Figure  I.  Configuration  of  Miorostrip  8P8T  Switch 


Figure  2.  Conflgumtlon  of  Miorostrip  SPDT  Switch 
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Abstract  •  Modal  aaalyili  of  mlcroitrip  aad  fleliea  step 
jHBctloni,  coMBMaljr  leea  in  eiicrowave  and  Billltanetar>weva 
Integrated  circuits,  are  derived  Nuemrical  results  of 
scattering  pamnuters  are  presented  In  W*band  (78  •  110  OHs). 
Tbere  Is  a  good  agrrsBMBt  between  our  calculated  rMUIts  and 
published  data. 

INTRODUCTION 

Mlcrostrip  line  hu  been  used  extensively  fbr  both 
microwave  and  mlUlnieter^wive  hybrid  and  monolithic 
Integrated  drcults  (MlCs  and  MMICs),  whereas  llnllne  is 
nor^ly  employed  Ibr  MICi  at  millimeter  wavelengths.  In 
these  dtoulls,  step  Junctions  are  commonly  seen  and,  thus, 
need  to  be  accurately  characterized. 

In  this  pa^r,  we  describe  a  AiU*wave  analysit  of 
mlcroitrip  and  Online  step  discontinuities  using  the  mode* 
matching  method  [!]•  Various  results  of  scattering  (S) 
parameters  at  microwave  and  millimeter*wave  ftequenciei 
are  presented  and  compared  with  existing  data  to  conflrm 
the  analysis. 

ANALYSIS  AND  RESULTS 

To  simplify  the  formulation,  hare  we  only  present 
the  analysis  for  iingle*step  discontinuities.  Pigs.  1  and  2 
show  the  cross  sections  and  ilngle<etep  dlaoontlnuiUei  of 
microstrip  line  and  Online,  respectively.  All  the  conductors 
are  assumed  perfoctly  conducting  and  inOnltsly  thin.  The 
dielectric  substrates  are  assumed  to  be  loss  less.  First,  the 
hybrid  modes  on  regions  a  and  b  of  the  plane  of  the 
discontinuity  are  determined  using  the  qwctral*domnin 
approach  (2).  Second,  the  transverse  electric  and  magnetic 
flelds  on  tlie  two  regloni  an  matched  across  the 
discontinuity  to  produce  the  mode*mitohing  equations. 
Third,  the  inner  products  of  these  equations  with  appropriate 
fleld  components  an  taken,  resulting  in  the  following 
equations;  ^ 

(1 +/•)/&  +  Eo.'fS 

ml 

(1 -/>)'.*?  -  z:»>c 


when  p  is  the  reflection  coefficient  oorrospondlng  to  the 
incident  fondamental  mode;  aj  and  bj  am  the  mode 
coefficients;  I's  stand  for  the  inner  prodii^  and  P  and  Q 
represent  the  number  of  eigenmodes  in  ngions  a  and  b, 
respectively.  Fourth,  these  equations  an  solved  to  determine 

P.  a|  (i-2,3 . P),  and  tx  (J■l,2 . (J). 

Various  numerical  results  for  mlcrostrip  and  flnline 
step  discontlaulties  have  been  generated,  and  some  wen 
compared  to  exieting  data  to  confirm  the  analysis.  Table  1 
shows  a  good  agreement  between  our  results  and  those 
published  for  a  mlcrostrip  singlentep  discontinuity  at  2  GHz 
[3].  Fig.  3  showa  the  calculated  S*parameten  of  a  mioroetrip 
itttgle*step  discontinuity  across  the  W>band  (73  •  1 10  OHz). 

CONCLUSIONS 

Formulation  for  mlcrostrip  and  flnline  step 
disoontinuitlee  has  been  pneented.  Various  numericii 
results  have  been  obtained.  Good  agreement  between  our 
calculated  results  and  those  published  has  also  been  found. 
The  developed  analysis  should  be  uaeflil  for  the  analysis  of 
mioroetrip  artd  flnline  integrated  circuits  at  microwave  and 
millimela^wave  ftequendee. 
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Table  1.  Compariaon  of  the  magnitude  of  Sj  j  for  a  tingle' 
itep  mlcroitrip  Junction  between  our  reiulu  and  [3], 

£,-2.32,  h-15.8  mm.  d-1,38  mm,  a-l7,233  mm,  S,-4.5 
mm,  S()- 15.63  mm,  f^2  OHz. 


5,.  [31 

5ti  (Our  Result) 
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0.3046 

0.3073 
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Pig.  1.  Croat  aeotion  (a)  and  a  ilngle'itep  diioontinuity  ^  oi 
(b)ofmioroatrlpllne. 
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Fig.  3.  Calculated  S-parameten  of  a  ilgle^tep  micnetrlp 

,  -  1  ,  ,  j  .  dlaoontlnulty  from  73  to  110  OHz,  £,“2'2,  h-l.l43  nun, 

Fig.  2.  Croea  aeotion  (a)  and  a  ainglO'atep  dlaoontlnuity  j  ^  ««  a  7*5  m*  aoi  mm 

(b)  of  flnllne.  dm,l27  nun,  a-0,633  mm,  Sg"0.762  mm,  Sj|*o.30a  nun. 
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Abitract  •  Mleroiirip  band'paii  fllttri  recently  develeped  (br 
microwave  and  mllllmetar>wava  lataimted  circulti  am 
premated.  The  new  half*wavelenglb  cenpleddlne  baad-paii 
Altera,  employliii  lymmetrlc  and  aiymmetrtc  braadilde* 
coupled  mlcroitrip  itmctumii  eihlblt  about  l*dB  Iniertlon  Ion 
at  10  OHl  The  novel  ipurilne  band-paia  Altera,  ualng  two  and 
throe  paralle-coupled  llnea,  have  Innrtloa  loaaei  of  leai  than  1 
and  1.3  dB,  mtpMtIvely,  at  S  OHa.  Iiperimental  and 
tbaomtical  raaulta  alao  agree  well 

INTRODUCTION 


SPURLINB  MICROSTRIP  FILTERS 

Pig.  4  ihowa  photograplu  of  the  new  spurline 
miorostrip  l>and*pasi  Alters,  each  consisting  of  two  qturline 
resonators.  Their  peifbmianoes  are  given  in  Figs.  5  and  6. 
They  exhibit  lest  than  1*  and  1.34B  inNrtlon  losses  in  the 
pats  bands  around  3  QHz  using  two*oonduotor  and  three- 
conductor  ipurline  resonators,  respectively.  Alto,  the 
calculated  and  measured  results  are  in  a  good  agreement. 

CONCLUSIONS 


Microwave  band-past  Alters  play  an  Important  role 
lii  many  microwave  systems.  Bflbrts  have  always  been  made 
in  developing  miniature  microwave  integrated  circuit  (MIC) 
and  microwave  monolithic  inlegrated  circuit  (MMIC)  band* 
pau  Alters  to  AillAll  the  increasing  demand  of  systems  with 
small  sin  and  weight. 

In  this  paper,  we  report  two  new  kinds  of  band*pass 
Alters  recently  developed  fbr  MIC  and  MMIC  applications. 
The  Art!  ty|M  is  half*wamlength  coupled-line  band«pau 
Alters  employing  symmetric  and  asymmetric  broadside- 
coupled  micr^p  lines.  These  Alters  are  suitable  (br  wide 
bandwidths  and  tight  oouplings.  Compared  to  the 
conventional  miorostrip  and  stripline  coupled-line  Alters  [1], 
they  have  wider  bandwidths  due  to  the  Inherently  strong 
coupling  achieved  between  the  resonators  knd  smaller  size, 
The  second  type  is  spurline  band-pass  Alters  .ising  two-  and 
three-parallel-ooupled-line  spurline  resonators.  As 
compared  to  the  conventional  open-circuited  shunt-stub 
band-pass  Alter  [2],  they  have  leu  radiation,  susoepUbillty  to 
nearby  oli[|eots  and  dispersion  and  smaller  size. 


Recent  development  of  new  miorostrip  broadside- 
coupled  and  spurline  band-pau  Alters,  suitable  ibr  MUCs  and 
MNUCs,  have  been  presented.  The  broadside-coupled  Alters 
posseu  wide  bandwidths,  oompactneu,  and  are  based  on 
miorostrip  technology.  Measured  results  show  Inurtlon 
lossu  of  about  1  dB  at  10  OHz.  The  spurline  miorostrip 
Alters  have  snull  size,  radiation,  wnsitivity  to  nearby 
elanienis,  and  dispersion.  These  Alters  exhibit  leu  than  1- 
and  1.3-dB  pau-l^  lossu  at  3  OHz  using  two-  and  three- 
conductor  spurline  resonators,  rupectlvely. 

ACKNOWLEDGMENT 

This  work  was  supported  in  part  by  the  NASA 
Center  (br  Space  Power  and  by  TRW  Inc. 

REFERENCES 

I.  B.B.  Cohn,  'Hmlld^^oupM  TnmmlMlon  Unt  Roionttor  PUUn,"  IRR 
1>mi.  Ulcrowavt  Thtory  Tick,  Vol.  MTT-e,  pp.  Apr.  I9SS. 


BROADSIDE-COUPLED  MICROSTRIP  FILTERS 

Pig.  1  shows  the  new  half-wavelength  broadside- 
coupled  band-pau  Alters,  and  Fig.  2  shows  the  crou  sections 
of  the  shielded  and  open  broadside-coupled  miorostrip  linu 
employed  in  theu  Alters.  Several  Alters  have  bun  duigned, 
built,  and  tested .  Pig.  3  shows  the  musured  and  uloulated 
ruults  of  one  of  the  new  Alters  in  the  X-band  (8-12  OHz) 
which  match  almost  exactly.  As  can  be  uen,  alrout  1-dB 
liuertion  loss  is  achieved  in  the  pusband. 


2.  MtnhMi.  Youns.  ind  Jonoi,  Mlorowovo  Pllliw.  imao**--"- 
Nitwariti.  Mid  Counllni  SlnidufM,  NtwYorfci  MoOrew-HIII,  1U4. 


nMOun«v(OHii 


Ft|,  3.  Perfbmuuico  of  a  broadaiik'«Qupl«d  mlGroatrip 
bandpaai  (liter. 


Pl|.  6.  Perfbmumoea  of  the  thfee«conductor  ipurllne 
bandpau  (liter. 
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Millimeter  waves  and  QuaiiLurn  Medicine 


Si'ii/ri  l\  SU'ko,  I'll D., 

Uitvchu  of  Iho  liiloibhiiii  h  St  u'iihlif  lioitoiiii  h  (  I'lih'i  on  Physirs  o!  Ilii>  AUvo 
and  Mirrowtn  o  Hosonanco  Tlti'inpy, 

Ukraino,  25‘JO.VI,  Kiov,  til-h,  Volodymir/tka  A'l. 


On  the  basis  of  niulti*centered  scientific  studies  carried  out  within  the  frames  of  the 
program  "Pliysics  of  the  Alive"  and  tlie  experience  of  treatment  of  more  than  196,000 
patients  the  foundations  of  the  "Quantum  Medicine"  have  been  layed.  Us  conceptual  basis 
is  provided  by  the  idea  that  any  living  system  is  simultaneously  a  macroscopic  quantum 
object  and  a  maser  (nun-range  laser). 
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Inflrar«d  Spectra  Of  Urine  From 
Cancerous  Bladders 

M.A.Moharram,  A.Higazi*  and  A.A.Mohamni* 
Spectroscopy  Department,  Physics  Division, 

National  Research  Center,  Cairo,  Egypt. 

*  Faculty  of  Medecli.e,  Cairo  University 


The  infrared  spectra  of  organic  and  inorganic  constituents  of  urine  from  cancerous  bladders  of 
some  patients  were  recorded.  T!ie  spectra  of  the  organic  part  of  the  samples  were  classified  into  five 
types  according  to  the  bulk  constituents.  Samples  with  type  A  spectra  consisted  mainly  of  proteins 
with  only  trace  amounts  of  lipids.  Their  spectra  were  characterized  mainly  by  the  absorption  bands 
of  proteins  at  the  frequencies  3330, 3075, 2960, 2850, 1650, 1530, 1450, 14C0  and  1320  cm'^  in 
addition  to  a  weak  band  at  1720  cm*^  due  to  the  absorption  of  lipids.  Samples  with  type  B  spectra 
were  characterized  by  high  amounts  of  proteins  and  low  amounts  of  lipids  and  phosphate  com¬ 
pounds.  The  presence  of  phosphate  compounds  was  indicated  by  the  absorption  bands  at  the  fre¬ 
quencies  1100  and  1030  cm'^.  Samples  giving  spectral  type  C  were  characterized  by  high  urea 
contents  as  indicated  by  the  presence  of  two  strong  bands  at  1670  and  1630  cm'^  Samples  with  the 
spectral  type  D  consisted  of  urea  and  phosphate  compounds  whereas  samples  with  the  last  spectral 
type  E  consisted  mainly  of  calcium  oxalates,  uric  acids  and  phosphate  compounds.  The  presence  of 
calcium  oxalates  was  indicated  by  the  presence  of  Its  diagnostic  bands  at  the  frequencies  1630 
and  1330  cm'^  while  the  presence  of  uric  acid  was  indicated  by  the  bands  at  the  frequencies  1360, 
1130, 1020  and  880  cm'^.  On  the  other  hand,  the  spectra  of  'he  organic  part  of  urine  from  some 
normal  bladders  exhibited  the  characteristic  bands  of  urea  only. 


Careful  examination  of  the  spectra  of  the  inorganic  part  of  urine  revealed  that  some  samples  con¬ 
sisted  mainly  of  hydroxyapatite.  The  absorption  bands  of  hydroxyapatite  appeared  at  the  frequen¬ 
cies  568,  603,  985, 1037  and  1128  cm‘^.  The  spectra  of  the  other  samples  showed  the  bands  of 
basic  phosphates  at  the  frequencies  568, 620, 727, 890, 1035  and  1140  cm‘^.  The  spectra  of  the  in¬ 
organic  part  of  urine  from  a  number  of  normal  bladders  displayed  the  bands  of  basic  phosphates. 
The  relationship  between  the  types  of  urine  constituents  and  the  grade  of  the  malignant  tumors  was 
discussed. 
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DRO»Autodyn«  Spectrometer  for  Investigation 
of  Interaction  of  Millimeter  Electromagnetic 
Waves  with  Biological  Objects 

Q.P.  Ermaki  Ye.B.  Senkevich 

Institute  of  Radiophysics  and  Electronics 
of  the  Ukrainian  Academy  of  Sciences 

12  Ac.  Proskura  st.i  310086|  Kharkov,  the  Ukraine 

There  exist  the  problems  sending  us  in  search  of  a  simple, 
small  in  sise  and  precision  instrument  to  measure  the  parameters  of 
the  electromagnetic  sygnal  reflected  from  the  object  under 
investigation  in  the  millimeter  and  submillimeter  waves  bands.  Such 
a  problem  can  be  cracked  by  devising  an  apparatus  operating  as  a 
transmitter  and  a  receiver  simultaneously.  Such  a  transmitter- 
receiver  system  is  called  autodyne  and  allows  to  do  away  with  a 
heterodyne,  a  mixer,  a  receiving  aerial,  and  waveguide  commutators. 

The  autodyne  sensitivity  depends  on  the  level  of  the  oscillator 
inherent  noisa  and  the  frequency  instability.  Therefore  autodynea 
devised  on  the  base  of  3WT;  magnetrons  and  klystrons  give  a  bad  fit 
for  mioroi^ave  spectroscopy. 

In  this  report  it  is  suggesced  a  novel  autodyne  millimeter 
waves  spectrometer  devised  on  the  base  of  the  diffraction  radiation 
oscillator  (DRO).  This  DRO  is  a  hlgh-atabllity  source  of  coherent 
electromagnetic  oscillations  in  the  frequency  range  from  30  to  300 
OHs.  Its  nclse  level  la  in  two  orders  lower  than  that  inherent  in 
other  millimeter-wave  oscillators.  Besides,  this  DRO  has  the  highest 
autodyne  magnification  coefficient. 

The  autcdyne  effect  lies  in  the  fact  of  the  change  of  the 
working  characteristics  such  as  the  resonator  field  amplitude,  the 
oscillation  frequency,  the  beam  current  under  the  action  of  thi' 
inherent  coherent  radiation  reflected  from  the  examined  object.  The 
amplitude  and  frequency  Increments  are  respectively 

aA  =■-(  1l2)rAoCoad]  A.<x)’r\(<jJol2Q. )&inS-{ll2)Kaf^<^oaS'\  (d 

where  T  and  S  are  respectively  the  modulus  and  phase  of  the 
reflection  coefficient;  and  Ct^o  are  respectively  the  nondisturbed 
amplitude  and  frequency;  A^r  is  the  autodyne  magnification 
coefficient;  Q  la  the  external  Q-factor  of  t.he  DKO-autodyne  system; 

^  is  the  oscillator  non-isochronism. 

The  current  increment  at  the  interaction  space  boundary  is 

Al(i)‘-(ll2)rKj  l^ooaS  (2) 

where  is  the  autodyne  magnification  coefficient  of  the  current; 
Xo^a  nondisturbed  current  value. 

DRO-autodvnes  are  classified  on  the  principle  of  detection  of 
either  external  or  Internal  aygnals  and  register  respectively  either 
Lygnals  (1)  by  a  semiconductor  detector  or  current  increment  (2)  by 
internal  electron  detector.  The  internal  electron  detector  is  formed 
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by  two  electrodes t  One  of  them  la  transparent  for  the  electron  beam 
and  placed  In  the  path  of  the  beam  at  the  outlet  of  the  ini^eraction 

apace. 

The  operal:*.on  of  DRO~autodyne  la  as  follows.  The 
electromagnetic  wave  generated  by  DRO-autodyne  la  Incident  on  the 
object  under  investigation.  The  reflected  sygnal  passes  over  the 
waveguide  switch i  phase  shifter »  directional  coupler  and  comes  hack 
to  the  DRO- autodyne.  The  measareaents  of  the  frequency  deviation  and 
the  amplitude  aoO.uIatlon  of  DRO-autodyne  sygnals  are  carried  out  by 
spectrum  analyser  and  devlometer. 

In  the  course  of  the  experiment  the  measured  sygnals  reflected 
from  the  biological  objects  were  compared  with  those  from  the 
matched  load.  The  DRO-aubodyne  was  set  to  the  moat  sensitive  range. 
The  phase  sensitivity  of  the  DRO-autodyne  spectrometer  at  36  QMe  was 
about  0.27  MHs/deg  and  the  corresponding  resolution  for  the  spectral 
line  width  of  10  KHa  was  about  0.02  degree.  Due  to  the  slight 
electron  transconductance  (0.1  t  0.2  MHz/V)  of  the  DRO  frequency 
tuning  and  high  stability  ot  the  power  supply  the  autodyne 
apeebrometer  operates  atablely  for  a  long  time. 

The  effects  of  the  interaction  of  the  coherent  electromagnetic 
waves  with  a  natural  neural  network  of  the  eyeball  back  retina  of 
Rana  temporaria  and  T-llmphocites  in  the  perlfcral  human  blood  have 
been  revealed  [  1 J  due  to  using  9  and  2  mm  DRO-autodyne 
spectrometers . 

The  analysis  of  the  experimental  data  shows  that  the  level  of 
the  frequency  modulation  of  the  sygnal  reflected  from  the  biological 
objects  much  exceeds  that  of  the  amplitude  while  in  measuring  the 
matched  load  ^nd  ACO  are  zero.  The  frequency  and  amplitude 
responces  of  the  DRO-autodyne  during  its  Interaction  with  live 
objects  are  time-dependent  nonmonotonic  functions  correlating  with 
the  objects  functional  activity. 

Thus  the  DRO-autodyne  provides  the  research  of  the  structure  of 
the  sygnal  reflected  and  reemitted  by  biological  objects  interacting 
with  millimeter  electromagnetic  waves. 

References 
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Infrared  epaotrovnopy  detaotion  of  minimatr«~wavo  affact  upon 

blocftolaculaa. 

G.S.Litvinov.L. l.Bara^hinaky.O.Z.DovbaHhko.M.P .Liaitaa^L. 1 .Mataaiko 


Soiantiflo  Raaaaroh  Cantar  "71dhuk*', 

Volodymyraka  dl~b,  Klav  232033,  Ukralna. 

ABsmsi 

It  haa  baan  found  out  that  mi  1 imatra-wava  (MMW)  radiation  in  tha 
37.8-78  GHz  ranga  affaotad  apaotral  propart iaa  of  aminoaoida, 
nuolaotidaa,  protalna  and  nuelalo  aolda  in  froa  and  intraoallular 
atataa.  MMW  radiation  affaot  waa  dataotad  by  tha  infrarad  (ZR) 
apaotrum  paramatar  ohangaa  auoh  aa  intanaity,  halfwidth  and  ahapa  of 
abaorption  and  raflaction  banda.  It  waa  aotabliahad  that  tunad  MMW 
action  upon  intanaity  of  IR  raflaotion  banda  had  aharp  raaonanoa  vlth 
ha If width  of  40' 60  NOHz,  that  oorraapondad  to  Q-quality  of  ordar  lOOC. 
For  high  ordarad  ayatama  auoh  aa  aminoaold  aingla  oryatala  MMW  affaot 
dataotion  dapandad  atrongly  on  oriantation  of  tha  tnm-flald  alaotrioal 
vaotor  ralativa  to  aymraatry*  axaa  of  objaot. 

Raoantly  biological  af facta  of  MMW  radiation  haa  baan  atudiad  by 
uaing  tha  living  organiama  aa  dataotora.  Tha  axiatanoa  of  tha  MMW 
affact  waa  aatabliahad  by  tha  phyaiologioal  paramatar  ohangaa  [11. 
Howavar,  phyaiologioal  paramatara  ara  atoohaatio  and  multifarioua  that 
laad  to  uncertainty  in  intarpratation  of  MMW  affect.  In  tha  papar  tha 
attampta  to  detaot  MMW  affeota  by  highly  reproduoibla  method  of  IR 
apeotroaoopy  of  biomolaoulea  ware  daaorlbad. 

.luJUAXGBIALS  m  MSDiPfiS 

Invaatigationa  of  tha  MMW  radiation  affact  upon  a-glyoina  (81y), 
|3-alanlna  (Ala),  DL-tryptophana  (Trp) ,  L-tyroaina  (Tyr),  L-hlatidina 
(Hia)  aminoaoida,  adanoainamoncphoaphata  (Amp)  nucleotide  and  free  and 
intracellular  DNA  ware  carried  out  by  IR  apaotroacopy  in  tha  400- 
3800  om~  ranga.  MMW  radiation  waa  tuned  in  the  ranga  of  37.8-78  GHz. 
Incident  power  density  of  radiation  varied  from  1  to  30  mW/om. 

^.RBeyi'is  fiirc  Bigfi.v.sa3;gw 

Intenaity  changea  up  to  38it  in  IR  abaorption  apactro  of  aminoaold 
and  Amp  filma  ware  regiatared  (Table  1).  Irradiation  waa  affecting  a 
great  number  of  vibrational  banda  oonnaotad  with  different  forma  of 
vlbrationa  and  ohamioal  bonda.  Reaonanoe  character  cf  MMW  action  waa 
regarded  aa  ita  diatlnctive  feature.  Maximum  af facto  for  different 
vlbrationa  could  be  obtained  at  different  MMW  radiation  fraquanoiea. 
The  MMW  action  appeared  to  be  more  pronounced  for  NH  and  daformational 
vlbrationa.  Beeidaa,  depending  on  irradiation  frequency  one  could 
obtain  inoreaaa  or  deoraaaa  of  IR  banda  peak  intenaitiea. 
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Table  1.  Redistribution  of  peak  intensities  of  IR  bands  of  simple 
biomoleoule  films  under  MMW  radiation 


Trp 

F*  -  37V50  GNz 

■HjlHbBil 

V(om"*)  I 

V  ( cm"  ‘ ) 

I 

I 

mm-i- 

1346  1.30±C.08 

1370 

1.1610.03 

1.3710.08 

1360  1.3110.05 

1425 

1.1510.04 

1.3510.10 

1415  1.2210.07 

1450 

1.0410.04 

1.2810,07 

1460  1.3110.05 

1590 

1.3310.06 

_iin 

1590  1.2310.04 

V  "  IR  band  wavenumber 

I  ~  peak  intensity  of  IR  band  after  MMW  irradiation  at  F 
F  -  frequency  relative  to  the  non-irradiatlve  band 


In  IR  reflection  epectra  of  Gly,  Ala,  His  single  crystals  band 
structure  variations  together  with  the  intensity  redistribution  were 
found.  The  amplitude  of  changes  approached  95%  of  initial  intensity. 
The  measured  polarization  dependencies  of  MMW  effect  for  GLY.  ALA  and 
HIS  monoorystals  indicated  that  1)  it  differed  substantially  for 
different  vibration  forma,  2)  it  depended  on  orientation  of  field 
electrical  vector  relative  to  symmetry  axes  of  the  crystal  and 
3)  polarization  indicatrices  changed  under  MMW  action. 

Significant  action  of  MMW  radiation  upon  intensity,  halfwidth  and 
shape  of  the  bands  connected  with  the  vibrations  of  phosphodi ester 
bond  atoms  in  free  DMA  was  revealed.  Changes  in  the  IR  spectra  of 
E.ooli  clinical  strains  for  the  bands  of  DMA  oscillations  after  the 
action  of  MMW  radiation  were  found  to  be  the  same  as  for  the  free  DMA 
dry  filmc!  the  structure  of  the  1080  om~  band  was  changed,  intensities 
of  the  0~r->0  vibrational  bands  were  redistributed.  It  was  determined 
for  Dunaliella  virldis  intracellular  DNA  that  Irradiation  at  the  fre~ 
quenoy  of  37.51  GHz  caused  the  1080  om~  band  narrowing  by  2511  cm' 
and  its  intensity  increased  by  27±5%.  It  should  be  emphasized  that  the 
effects  observed  were  not  connected,  apparently,  with  the  well-known 
influence  of  drying  which  caused  the  DNA  B-A  form  transition  and  the 
following  disordering  [2].  On  the  basis  of  the  data  obtained  it 
follows  that  the  MMW  irradiation  resulted  in  the  changes  of  the  DNA  IR 
parameters  opposite  to  that  observed  with  the  reduction  of  film 
himiidity.  Thus,  IR  spectroscopy  could  be  successfully  used  for 
detection  of  MMW  efi'eot  upon  biomoleoules . 

So.  REFERENCES 

1.  H.Fr^hiioh,  aigl.gai.gei.  gghiEingj  ADd  reip.gnte  Ag  AiiiAmAl. 
stimuli.  Springer.  Berlin,  1966. 

2.  M.Falk,  A. G. Poole.  C.G .Goymour, "Infrared  study  of  the  state  of 
water  in  the  hydration  shell  of  DNA",  Can.  J.  Chem. ,  Vol.48.  pp.  1536-* 
1542,  1970. 


384 


W4.5 


Treatment  of  cardiovascular  deceases  by  means  of  wide-band  coherent  signal  of  mm  radio  wave  range 
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ABSTRACT 

The  results  of  study  of  therapeutic  Influence  of  mm  waves  having  the  frequency,  periodically  changing  in  the  band 
from  50  to  80  OHz,  on  the  patients  with  cardiovascular  pathology  are  presented  in  the  report.  It  was  shown  that  their 
use  allowed  to  return  a  number  of  physiological  parameters  of  a  man  to  normal  and  to  Improve  perlphetical  and 
central  haemodynamics. 


1.  INTRODUCTION 

Lately  the  field  of  physical  therapy,  based  on  the  use  of  electromagnetic  waves  with  the  frequency  exceeding  30 
OHz  is  sufficiently  intensively  developed.  The  mechanism  of  the  influence  of  given  spectrum  region  was  not  revealed. 
They  suggest  that  a  number  of  biological  effects  was  connected  with  the  change  of  crosa>llnklng  of  aqueous  phase  of 
tissue,  in  particular  nervous  one. 


2. WIDE-BAND  EHF-THERAPEUTICS 

The  theoretical  study  shows  the  possibility  to  generate  the  oscillations  of  range  from  100  GHz  to  10  TKzatthe 
expense  of  coherent  transitions  in  membrane  canals  between  energy  levels,  that  arise  in  electrical  field  of  membrane 
potential.  The  frequencies  of  given  range  are  typical  for  rotatory  spectrum  of  macromolecule  oscillations.  Thus,  not 
knowing  real  mechanism,  all  the  same  one  can  assert  that  biological  tissues  have  sufficiently  dense  spectrum  of 
natural  oscillation  frequency  of  the  influence,  especially  received  by  subjective  sensations  exists,  seems  doubtful. 
Monochromatic  signal  having  the  frequency,  periodically  changing  In  wide  band  will  be  more  effective  stimulus  for 
biological  system  with  dense  spectrum^. 

Proceeding  from  above-stated  conception  the  physical-therapeutic  device,  based  on  the  use  of  backward  wave 
tubes,  that  allows  to  provide  the  influence  by  oscillations  having  the  frequency  periodically  chinging  in  the  band 
from  50  OHz  to  80  OHz,  the  power  of  0.1-10  mW  and  variation  of  type  of  polarization,  was  designed. 

3.  TREATMENT  OF  PATIENTS  OF  CARDIOLOGICAL  PROFILE 
BY  EHF-THERAPY  METHOD 

66  patients  received  the  treatment.  52  of  them  suffered  from  acute  infarctus  myocardii  or  from  unstable 
stenocardia,  in  the  most  of  cases  in  combination  with  hypertension,  14  patients  suffered  irom  chronic  form  of  heart 
ischemia.  All  patients  had  pronounced  insufficiency  of  circulation  of  the  blood.  The  treatment  by  the  influence  on 
the  region  of  processes  xlphodeus  with  the  exposition  of  15  min  during  10  seances  was  carried  out.  Besides 
above-mentioned  treatment  all  patients  received  traditional  medicine  treatment  since  their  condition  was  estimated 
as  from  middle  serious  to  extremely  serious  one.  The  induces  of  central  haemodynamics  were  studied  by  the  method 
of  Integral  rheography,  by  Tischenko-Estrin  method,  biological  functions  of  miocardii  was  studied  by  means  of 
electrical  cardiography  and  central  cardiodynamlcs  -  by  ultrasonic  scanning.  In  the  1‘esult  of  this  it  was  founded  that 
the  positive  result  was  observed  in  75%  of  cases,  There  was  not  any  effect  of  treatment  in  25%.  There  were  no 
side-phenomena.  Positive  effect  decreased  or  did  not  come  totally  at  the  presence  of  heart  insufficiently  and  at  the 
decreasing  of  contractive  characteristics  of  myocardii  in  consequence  of  chronic  coronarlus  disease  and  this  tendency 
is  proportional  to  decompensation  degree.  I'hc  positive  effect  was  more  strongly  pronounced  rt  the  decompensation 
mainly  stipulated  by  artery  hypericnsio. 
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4.C0NCLUSI0N 

On  the  base  of  analysis  of  received  data  (Pig.  i)  the  decreasing  (normalization)  of  specific  peripheral  rsslstance 
and  increasing  of  blow-out  fraction  and  degn  e  of  front/back  size,  that  are  correlated  with  the  improvement  of  clinical 
state  of  a  patient. 
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Flg.l.  Dependence  of  specific  peiifcry  rcsistanre  (1),  artery  pressure  (2)  and 
stroke  volume  (3)  on  a  number  of  performances 
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REARRAKOEMENTS  IN  POLARIZED  VIBRATIONAL  SPECTRA  OP  OLYCINE- 
CONTAINING  CRYSTALS  UNDER  MILLIMETER  WAVE  IRRADIATION  EPPECT, 

L.  1  .Btrcshinaky.  8 . 1 . DovbMhko .  0.8. Litvinov. 

V.V.Obukhovoky, 

8ol«ntlfio  Rtntaroh  cantor  "Vidhuk", 

Volodxmxraka  61-b,  Kl«v  292033.  Ukrain*. 

Raarronfftmanti  in  polariiad  infrarad  raflaetion  apaotra  of  glyolna*' 
containing  oryatala  -  a-glyoina  and  triglyclnaaulphata  (TQ8)  wara 
diaeevarad  in  tha  araa  of  600-2000  cm"  undar  jninimatar  vava  ir¬ 
radiation  appliad  with  tha  powar  up  to  B  nW/nm  within  3?, 8-83. 8  OHs 
ranga.  For  HW  dafonnational  vibration  in  both  oryatala  niaaaurad 
pblarlaation  raflaatton  indioatriooo  agraad  with  oaleulatad 
indioatrioaa.  Changaa  in  polarisation  indioatrloaa  undar  raaonanoa 
millimatar  wava  affact  wara  atudiad.  Pararoatar  valuaa  which 
oharaotariaa  dialaotrio  parmaabillty  tanaora  of  a-gly  and  TOS  and 
thair  ohangaa  undar  millimatar  wava  fiald  wara  oaloulatad  on  tha 
btaia  of  tha  axparlmantal  data. 

2. INTRODUCTION. 

In  raeant  vaara  tha  atudiaa  of  am-ranga  alaetremagnatio  radiation  or 
axtramaly  high  fraguanoy  (EKP)  affaot  upon  tha  bielogioal  objaota 
hava  raoaivad  much  attantion.  Among  othar  thinga  thia  intaraat  la 
eonnaetad  with  thn  nontrivial  biophyaloal  and  tharapautle  offaota 
obnarvad  undar  millimeter  wava  (MNW)  aotien  an  tha  bleayatama  of 
diffarant  lavala  of  oomplaxlty  up  to  human  organlam  (1-31.  At  tha 
praaant  ataga  howavar  tha  thaeratloal  intorpratatlon  of  thaaa 
phanomana  la  a  ohallanga,  ainoa  tha  primary  phyaloal  maohanlama  of 
mm-ranga  Irradiation  affaot  upon  biologically  lotiva  atruoturaa 
ati 11  ramaln  unolaar. 

In  givan  axparlmanta  tha  monooryatal  of  tha  matarial  undar  atudy  In 
tha  form  of  a  1-2  mm  thick  plata  with  Sxemm  oroaa-aaotlon  waa 
axpoaad  to  KHW  radiation  amittad  along  tha  normal  to  ona  of  tha 
planaa.  Tha  ganarater  i'4-141  (USSR)  with  tha  output  powar  not  ovar 
than  8  mW/iran  and  amooth  fraquanoy  tuning  within  tha  Intarval  of 
37-53.8  9K«  waa  uaad  aa  tha  irradiation  aouroa.  EHP  irradiation 
ftaquanay  waa  ratunad  with  tha  aoeuraey  of  no  laaa  than  iB  NHa, 
During  KHW  aotion  infrarad  (IR)  raflaotion  apaotra  in  600-4000  om*' 
rang*  wera  rtatartart  from  tha  nppnalta  pinna  nf  mnnonrynt.nl  I  j ne 
Plata.  Maaauramanta  wara  takan  by  a  doubla-baam  diffraetion 
apaetromatar  D8-4030  (JABCO.  Japan)  with  tha  uao  of  raflaotion 
adapbar  wharain  natural  globar  irradiation  ia  inoldant  on  tha 
raflaotion  murfaoa  at  an  angla  cloaa  to  tha  normal.  In  front  of  tha 
raeaivar  a  polariiar  waa  aat  whioh  oould  ba  tunad  in  tha  wida  ranga 
of  anglaa.  Thua,  IR  raflaotion  apaotra  Intanalty  waa  maaaurad  aa  tha 
dapandanoa  from  polariaar  rotation  angla  ((p)  at  fixad  angla  of 
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ineia*ne«  ana  ratiaotion  of  XR  irradiation  (•'  7'"'). 

d..££SUlHlS  MQ  DISCUSaiflM 

It  follovfa  from  tha  axparimental  data  that  in  potarlzad  IR 
reflactlon  on  apactra  of  a-Gly  and  T09  cryatala  KMW  irradiation 
provokaa  •asantial  intanaity  radistribution  of  banda,  changaa  in 
thair  ahapa  and  atruotura.  It  may  ba  notad  that  maximum 
raarrangamanti  in  tha  XR  raflaotion  apaotrum  banda  of  daformatlonal 
NH»  ai;td  COi  vlbratiena  wara  raglatarad  within  tha  rangaa  of 
1200*-1600  om  and  df30-800  'am*  ,  although  qulta  notioaabla  ohangaa 
wara  obaarvad  in  tho  othar  apaotrum  rangaa.  Along  with  thla  tha 
Important  faatura  of  MMW  affaet  la  illuatratad  by  atrong, 
ratonanoa-typa  (with  40-60  KHz  haltwldth  and  Q-f actor  ~  10  ) 

dapandanoa  of  tha  affaota  on  tha  Incldant  Irradiation  fraquaney. 
Baaldaa,  thara  ia  a  aat  of  axatra  hlght  fraquanolaa  in  tha  vicinity 
of  which  tha  IR  apaotra  raarrangamants  ara  induoai  by  BHF  fiald.  For 
Ct-Qly  and  T3S,  about  20  auoh  raaenanoaa  wara  dataotad  within  tha 
ranga  of  37-93. S  OKi.  Varaatlla  oriantatlona  of  MMW  fiald  affaota  at 
diffarant  raaonanoa  fraquanolaa  ara  particularly  ramarkablai  tha 
axtarnal  fiald  fraquanoy  tuning  may  raault  althar  In  tha  inoraaaa. 
or  In  tha  daoraaaa  of  tha  intanalty  of  tha  aama  IR  jand.  Togathar 
with  tha  abovamantlonad  tha  fact  that  raaonanoa  fraquanolaa  Induoad 
by  EHF  fiald  wara  diffarant  for  diffarant  vlbrationa  provldad  tho 
baaia  for  radical  raarrangamanta  of  XR  apaotra  undar  MMW  Irradiation 
action  of  diffarant  anargiaa.  Finally,  tha  baoio  faatura  of  tha 
afiaota  la  of farad  by  tha  dapandanoa  of  tha  volume  of  changaa  on 
mutual  orientation  of  polarizer,  monooryatal  and  BHF  fiald  vaotora. 
17)4  dapandanoa  of  KKW  irradiation  aotlon  on  IR  raflaotion  intanalty 
examined  in  polarized  a-Gly  and  TOS  apaotra  ahowed  the  Intrloata 
effect  performed  by  aimultanaoue  action  of  tho  axtarnal  fiald  and 
polarizer  on  tha  dataotad  intanalty  of  IR  algnal,  and  thia  aotlon 
waa  diffarant  for  diffarant  vibrational  banda  of  tha  iaolatad 
oryata)  and  for  Identioal  vlbrationa  of  different  oryatala. 
Parameter  valuaa  whieh  ohaFacteriza  dlelaotrio  parmeability  tanaora 
ot  a-gly  and  TCIS  and  thair  ohangaa  under  MMW  fiald  vara  oaloulotad 
on  tha  baiia  of  tha  axparimental  data.  Tha  oomparlaon  of  tha 
axparlmantal  data  with  indloatrix'a  thaoratioal  form  halpa  to  find 
the  relation  of  joaffioianta  which  datamlna  tha  eomponant  valuta  of 
dielaotrlo  pormaabillty  tanaor  and  their  ohangaa  under  MMW  field. 
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The  combined  effect  of  high  temperature  and 
microwave  fields  on  winter  wheat  seeds 
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4  ^ezavlslmostl  Square,  Kharkov 
Ukraine 


Information  about  biological  effect  of  eleotromagnetlo  radiation 
(EUR)  on  living  organisms  Is  known  for  a  long  time,  but  a  systematlo 
development  of  a  problem  began  during  the  late  19^ 's  by  the  group 
under  guidance  of  an  academlolan  Devyatkov  N.D.  In  particular.  It  was 
found  that  a  millimeter  band  EUR  can  accelerate  and  decelerate  a 
growth  of  microorganisms,  Increase  an  activity  of  synthesis  by  mloro- 
organlsms  of  enzymes  and  change  a  complex  of  these  enzymes  with  a 
predominance  of  a  necessary  component,  to  restore  an  lonio  permlabll- 
ity  of  erythrocyte  membranes  broken  by  electric  break-down,  can  aooe- 
lerata  a  peroxide  oxidation  of  lipids,  weaken  the  effect  of  radiation 
and  chemotherapeutic  remedies  on  processes  of  medullary  hemopoiesis 
of  animals.  It  was  determined  a  strong  dependence  of  effects  of  rad¬ 
iation  action  on  biological  ob;)ects  on  a  frequency  of  oscillations, 
l.e.  a  presence  of  acute  resonances. 

In  selection  of  new  sorts  of  cultured  plants  much  attention  is 
given  to  the  evaluation  of  their  steadiness  degree  to  extreme  condi¬ 
tions.  So,  In  particular,  an  Increase  of  a  temperature  can  negatively 
Influence  on  viability  of  seeds  and  sprouts  of  agricultural  plants. 

In  this  paper  It  was  made  an  attempt  to  preirent  this  effect.  We 
suggested  a  technique  of  combined  effect  of  high  temperature  and  low- 
-Intenslty  non-heat  microwave  radiation  on  seeds  of  cultured  plants. 

Seeds  of  a  new  sort  of  winter  wheat  were  used  as  an  object  of 
Investigation,  they  were  subjected  to  the  action  at  first  of  high 
temperature  and  then  -  that  of  low-power  microwave  field  on  different 
wa/elengths  In  a  millimeter  band  at  different  expositions  of  action. 

^  pieces  of  wheat  seeds  were  warmed  up  In  a  water  thermostat 
during  20  minutes  at  a  necessary  temperatui'e.  After  heat  influenos 
seeds  In  a  special  experimental  dish  were  Irradiated  by  a  source  of 
millimeter  band  during  a  certain  time  and  then  they  were  placed  In  a 
special-purpose  thermostat  for  sprouting.  On  the  4th  day  after  the 
experiment  carrying  out  It  was  made  an  account  of  seed  germination 
and  Increase  of  roots  and  stems  according  to  a  specific  technique. 
Results  were  statistically  processed.  According  to  data  obtained  we 
have  plotted  histograms. 

The  figure  1  shows  that  In  aotlng  a  high  temperature  (97"0)  It 
takes  place  a  lowering  of  seed  germination  Indices  by  In  compar¬ 
ison  with  a  control  exposition.  In  case  of  r<omblned  effect  of  this 
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Fig.  1.  The  combined  influence  of  high  temperature  (57^0)  and 
microwave  radiation  on  a  germination  of  winter  wheat 
■eede  (  1  -  temperature,  2  -  temperature  f  1  miii.  of 
irradiation,  3  -  temperature  +  5  min.  of  irradiation, 

4  -  temperature  <«■  10  min.  of  irradiation). 

ternpermture  and  microwave  radiation  on  eeede  a  pronounced  etlmulaiion 
in  a  seed  germination  index  ie  observed  (9-153^  witn  reepeot  to  a  tem¬ 
perature  effect).  As  for  indioee  of  inoreaee  of  roote  and  stems  a 
great  statistloal  spi’ead  is  obtained,  therefore  it  is  difficult  to 
speak  about  their  increase  or  decrease.  Similar  efl  tots  were  observed 
on  other  wavelengths. 

Results  obtained  show  that  a  mlorowave  radiation  partially  re¬ 
news  seed  germination  indices  after  a  high  temperature  aotlonu  This 
effect  is  observed  when  a  oe:.'taln  small  dose  of  microwave  radiation 
is  used  that  indicates  on  a  resonance  absorption  meoha;^lsm  of  micro¬ 
wave  radiation  as  well  as  on  that  of  the  inter-moleoular  interaction 
in  a  living  organism. 

The  more  detail  check  of  effects  obtained  is  of  interest  in  con¬ 
nection  with  their  possible  use  in  tho  plant-growing  and  the  agrioul- 
ture. 
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ABSTRACT 

Spaotra  of  aoma  amlnoaoid  aingla  oryatala,  protaina.  DNA  and 
oaUa  of  E.ooli  B  baetaria  vara  atudlad  in  tha  aubmi U imatar  ragion 
(10-400  om).  Lov-fraquanoy  vibrationa  vara  Invaatlgatad  by  far 
infrarad  (FIR)  abaorption  and  Ravan  aoattaring  (R8) .  Tha  praaanoa  of 
a  Vida  band  in  tha  80-350  am’  intarval  ia  a  oharaotariatie  faatura 
of  aminoaeida  of  FIR  abaorption  undar  atudy.  On  thia  abaorption  band 
about  10-30  ralatlvaly  narrow  banda  (halfwldth  -  2-10  om  )  vara 
obaarvad.  In  FIR  and  R8  apaotra  of  all  aminoaoida  tha  obaarvad 
numbar  of  lov  fraquanoy  banda  axoaadad  tha  oaloulatad  ona.  In  tha 
FAR  apaotra  not  ot  ly  of  aminoaoida  bw...  alat  of  protaln.  ONA  and 
oalla  broad  baokground  in  tha  ragion  of  tha  1CO-3SO  om  vaa  found. 
E.ooli  baotarla  apaotrum  lookad  lika  tha  aaparpoaition  of  tha 
oonatituant  protaln  and  DNA  apaotra. 


Exlatanoa  of  lov-anargy  tranaition  ia  tha  aaaantlal  faatura  of 
tha  living  mattar.  Unfortunataly  a  fav  vorka  (1)  on  lov-fraquanoy 
apaetroaoopy  of  bloobgaota  ara  nov  aval  lab la.  In  tha  papar  tha  lov- 
fraquanoy  apaotra  of  aminoaoida  and  polyoryatallina  filma  of 
protaina.  ONA  and  B.ool;:  oalla  vara  Invaatlgatad  by  R8  and  FIR 
apaetroaoopy  in  tha  aubmi 1 1 imatar  ragion. 

a.  METHODS 

p-alanina  (P-Ala)  and  OL-tryptophana  (DL-Trp)  aingla  oryatala 
vara  grown  by  alow  avaporation  from  aaturatad  aquaoua  aolutiona. 
R8  apaotra  vara  raoordad  on  tha  trlpla  grating  laaar  Raman 
apaotromatar.  Tha  film  aamplaa  for  FZR  apaotroaoopy  vara  oaatad  from 
highly  purl f lad  vatar  aolutiona  on  tha  tranaparant  aubatrataa 
(polyathylana) .  Far-lnfrarad  apaotra  vara  ragiatarad  on  tha  HITACHZ 
FI8-3  grating  apaotromatar  and  Brukar  FIR  apaotromatar. 

^tBsauLia  m  Piflcuflaion 

6-alanlna. 

^a  apooa  group  of  p-Ala  oryatol  la  D  ^  (Pbe«).ita  unit  oall 
oontalna  8  molaoulaa  and  haa  tha  invaraion  oantar.  So  thara  ara  45 
grata  vi brat Iona,  IS  of  vhioh  ara  aotlva  in  FIR  abaorption  apaotra. 
Mora  than  40  banda  vara  found  in  tha  FIR  _ (20-370  om  ) .Among  tham 
narrow  anough  banda  (halfwldth  up  to  3  om~  )  and  much  vidar  onaa 
vara  found.  It  only  narrow  banda  with  tha  intanaity  no  laaa  than  5% 
can  ba  aaaignad  to  tha  furat  ordav  oryatallina  vlbratlona.  than  15 
banda  may  ba  found  in  tha  Intarval  of  20-165om''.  Hovavar,  thia 
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aoinoldtno*  do«a  not  mtan  that  thay  all  art  of  grating  typa,  it  ia 
poaaibla  that  thara  ara  intramolaoular  onaa  among  than, 

Tabla.  Vibrational  fraquanoiaa  of  jprotain,  DNA  and  E.ooli  oalla 
in  tha  ragion  of  40-330  oin“ 


lllllllllllllllllll^^ 

om 

330 

330 

330 

2B0 

276 

282 

- 

- 

276 

257 

256 

257 

236 

236 

237 

- 

- 

228 

216 

210 

210 

190 

202 

190 

173 

- 

173 

ISB 

165 

160 

140 

138 

134 

- 

- 

127 

- 

- 

120 

90 

98 

90 

77 

78 

77 

73 

72 

72 

SO 

48 

47 

DL-Tryptophana 

Trp  oryatal  balonga  to  P2i/o(CiVi)  apaoa  group  with  4  molaoulaa  par 
unit  call.  In  FIR  apaotra  of  Trp  wa  obaarvad  9  lattioa  modaa  in  tha 
intarval  of  30-196  om  .  Tha  raault  ia  in  a  good  agraamant  with  tha 
oaloulationa.  Daapita  tha  X-ray  data  and  thaory  aalaotion  rulaa  for 
p-ala  and  tryptophana  oryatala  thara  wara  obaarvad  tha  forbiddan 
dipcla  aotiva  vibrationa  of  ungarada  typa  in  tha  Raman  apaotra  and 
garada  vibrationa  in  FIR  apaotra. 

Protaina.  DNA,  E.ooli  B 

DNA  and  protain  FIR  apaotra  in  tha  40-400  am  ranga  ara  vary 
aimilar,  diffaranoiaa  wara  notload  only  in  intanaitiaa  of  aotna  banda 
and  in  tha  fom  of  abaorption  in  tha  200-120  om  ragion  (Tabla).  In 
tha  oomplax  biological  objaota  auoh  aa  baotarie  tha  low-fraquanoy 
apaotra  ara  formad  mainly  aa  tha  raault  of  tha  oonatltuant  naoromo- 
laoula  apaotrum  ovar lapping.  Though  four  banda  fraquanoiaa  276,  22B, 
127  and  120  om"  wara  not  found  in  protain  and  DNA  apaotra.  In  a 
whola  tha  apaotral  paramatara  of  tha  invaatigatad  biological  objaot 
vibrationa  ara  almoat  tha  aama  aa  for  organic  molaoular  oryatala 
with  aaturatad  ohamioal  bonda. 
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The  influence  of  microwave  fields  on 
eleotrokinetic  properties  of 
cellular  nuclei  of  human  buccal  epithelim 

V.G.  Shakhbazov,  Al.A.  Shmatiko 

Kharkov  State  University,  Department  of  Genetics  and  Cytology 
4  Nezavislmosti  Square,  Kharkov 
Ukraine 


The  cellular  nucleus  as  an  organoid  of  storage  and  transfer  of 
hereditary  information  is  an  Interesting  object  for  studying  and 
attracts  attention  of  researches  from  various  fields  of  science. 

In  the  early  1960s  at  the  Department  of  Genetics  and  Cytology  of 
the  Kharkov  State  University  it  was  developed  a  technique  for  study 
of  cellular  nuclei  electrokinetio  prcperties  that  made  possible  to 
widely  investigate  this  index  with  using  results  in  medicine,  oattle- 
-breeding,  plant-growing,  etc.,  though  questions  of  theory  in  this 
field  are  not  studied  enough. 

In  this  paper  it  was  experimentally  Investigated  the  influence 
of  low-power  microwave  radiation  of  millimeter  band  on  eleotrokinet¬ 
ic  properties  (EKP)  of  cellular  nuclei  of  human  buccal  epithelium. 

The  microwave  field  action  on  bloeleotrioal  properties  of  cells  is  of 
interest,  so  long  as  hitherto  only  statistical  effects  were  investig¬ 
ated. 


So,  it  was  determined  a  connection  of  cellular  nuclei  EKP  of 
plants,  drosophile  and  a  man  with  age  of  cells,  genic  activity,  hete¬ 
rosis  effect  and  physiological  state  of  colls,  as  well  as  a  depend¬ 
ence  on  extreme  actions  such  as  a  high  temperature,  constant  magnetio 
field,  etc. 

In  this  paper  the  buccal  epithelium  cells  of  a  cheek  internal 
surface  of  a  man  were  chosen  as  an  object  of  research,  as  they  are 
the  mos'.  convenient  through  their  structure,  as  well  as  through  easi¬ 
ness  and  painlessness  of  a  sample  taking.  The  buccal  epithelium  cell¬ 
ular  nuclei  EKP  were  investigated  by  a  method  of  microelectrophoresis. 

Prepared  preparation  from  the  buccal  epithelium  cells  was  subj¬ 
ected  to  the  influence  of  low-power  microwave  field  of  millimeter 
band  In  dependence  on  irradiation  time.  The  four  expositions  were 
considered  as  follows;  3f  ^  60  minutes.  One  exposition  was 

a  control  one.  After  the  effect  of  irradiation  the  preparation  was 
placed  in  special  chamber  of  a  device  for  microelectrophoresis  and 
with  a  help  of  a  microscope  the  special  elec trophy slcal  measurements 
were  carried  out.  It  was  used  the  fact  that  cellular  nuclei  of  buccal 
eplthelliim  being  in  normal  state  displace  in  an  electric  field  in  the 
direction  of  the  anode,  l.e.  have  a  negative  surface  charge.  We  vis¬ 
ually  counted  up  the  percentage  of  electronegative  nuclei  displacing 
in  an  electric  field  before  and  after  Irradiation,  Results  were  stat- 


istically  processed. 
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According  to  results  obtained  it  was  plotted  the  electronogative 
nuclei  percentage  (EN?4)  at  a  function  of  exposition  time  (Pig.  l). 


min. 

Pig.  1.  Dynamics  of  changes  of  BN?6  index  under  the  influence 
of  microwave  radiation  (a  regression  curve  is  dotted). 

Prom  the  figure  one  can  see  that  during  first  15  minutes  after 
irradiation  decreases  (a  relative  decrease  accounts  for  50.7?6) 
and  remains  on  a  low  level  till  y>  minutes  of  exposition.  Through  60 
minutes  of  the  effect  rehabilitates  Itself  to  a  considerable  ext¬ 
ent,  though  it  doesn't  reach  the  control  level.  By  means  of  a  regres¬ 
sion  equation  it  was  plotted  a  theoretical  curve  values  of  which  are 
well  consistent  with  the  facts  (it  is  the  2-power  parabola). 

Thus,  in  this  paper  it  is  shown  that  a  dependence  of  EN^  index 
on  expositions  of  microwave  radiation  has  a  parabolic  nature.  Micro- 
wave  radiation  of  millimeter  band  at  expositions  of  5i  15  and  JO  min¬ 
utes  leads  to  a  significant  lowering  of  electronegative  nuclei  cont¬ 
ent  in  the  buccal  epithelium  cells.  After  60  minute -irradiation  it  is 
observed  a  partial  renewal  of  the  EN^  index,  but  its  value  doesn't 
reach  a  control  one. 

The  more  detail  check  of  effects  obtained  is  of  interest  in  con¬ 
nection  with  their  further  possible  use  in  the  field  of  labour  and 
sport  hygiene,  medicine,  etc. 
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Optimum  Operation  of  Qyrotwistrons 
P.E.  Lath&m  and  G.S.  Nusinovich 
Laboratory  for  Plasma  Research 
University  of  Maryland,  College  Park,  MD  20742 

Relativistic  gyrotwistrons,*  whic!>  can,  in  principle,  achieve  efficiencies  in  excess  of  50%,  are 
promising  sources  for  driving  particle  accelerators.  The  optimum  operating  point  for  these  devices 
represents  a  tradeoff  between  maximizing  the  available  energy  and  minimizing  the  deleterious  effects 
of  velocity  spread.  The  former  increases  with  Doppler  upshift  and  pitch  ratio,  while  the  effects  of 
velocity  spread  are  made  worse  by  both  of  these  quantities.  To  quantify  these  ideas,  we  siart  with 
the  maxir'um  single  particle  efflciency,^ 

270 

where  70  is  the  initial  relativis  Jc  factor,  &  is  the  average  pitch  ratio,  u  is  the  operating  frequency, 
Do  is  the  relativistic  cyclotron  frequency,  and  s  is  the  cyclotron  harmonic.  The  single  particle 
efficiency,  which  is  easily  derived  by  noting  that  the  Hamiltonian  depends  on  a  single  phase  and 
thus  has  two  conserved  quantities,  has  a  simple  physical  interpretation:  the  available  perpendicular 
energy  increases  with  pitch  ratio,  and  the  available  axial  energy  increases  with  increasing  Doppler 
upshift  (the  to/sde  term). 

With  no  velocity  spread,  it  is  typically  possible  to  achieve  efficiencies  on  the  order  of  70%  of 
the  single  particle  efficiency.  However,  with  velocity  spread  the  picture  changes  dramatically.  A 
good  measure  of  the  effect  of  velocity  spread  is  the  spread  in  phase  which  it  induces,  A^.  In  Ref. 
3,  we  derived  the  following  expression  for  this  quantity: 

A  ~  k,c/u;  (sne/w)*"‘(l  ~  sfle/w)  6*  A,dio 

“  [(1  -  k»€ju)  ^  /?io 

where  kg  and  kx  are  the  axial  and  perpendicular  wavenumbers,  respectively,  is  the  average 
axial  velocity,  /Sx  is  the  average  perpendicular  velocity  normalized  to  the  speed  of  light,  c  is  the 
speed  of  light,  A^xo//9xo  is  the  perpendicular  velocity  spread  (an  adiabatic  invariant),  and  /  is  the 
normalized  current  parameter,  defined  by 

4e/t 

m,7oc3  [(s  -  1)!2'J  (</^„  -  (t/mn) 

where  /»  is  the  beam  current,  e  and  m«  are  the  electron  charge  and  msas,  respectively,  Vg  is  the 
guiding  center  radius,  and  i^mn  is  the  nth  root  of  the  derivative  of  the  Bessel  function;  J^(t^mn)  -  0. 

For  large  Doppler  upshift,  i.e.  kti),f(^  near  one,  the  most  important  scaling  in  this  expression 
is  the  term  {kxcfu))’*,  which  indicates  a  rapid  increase  in  A^  as  kg  increases.  This  is  consistent 
with  the  well  known  fact  that  large  Doppler  upshifted  devices  are  sensitive  to  velocity  spread. 
However,  the  sensitivity  comes  not  so  much  from  the  term  in  the  resonance  condition,  but 
from  the  weak  coupling  that  occurs  when  the  perpendicular  wavenumber  becomes  small.  Note 
that  a  slow  wave  device  would  have  significantly  different  scaling,  as  the  coupling  would  not  vanish 
at  large  k,,  For  small  k,,  the  dominant  terms  are  ^,c/a;  and  (1  -  sfle/tj).  The  former  arizes 
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because  the  normalized  current  is  inversely  proportional  to  so  the  coupling  increases  as  the  axial 
wavenumber  decreases.  The  latter  term,  which  is  proportional  to  k^Vt  because  of  the  resonance 
condition,  reflects  the  fdct  that  devices  operating  near  cutoff  are  insensitive  to  velocity  spread. 

In  Fig.  1  we  plot  level  curves  of  both  the  single  particle  efficiency  and  for  the  fundamental 
TEoi  mode.  The  value  —  0.30  used  in  this  figure  corresponds  roughly  to  the  parameters  of  the 
University  of  Maryland  experiment^  (voltage  near  425  kV,  current  near  160  A,  pitch  ratio  near  1, 
and  perpendicular  velocity  spread  near  6%.)  At  these  parameters,  numerical  simulations  indicate 
that  we  can  achieve  gyrotwistron  efficiencies  on  the  order  of  35%. 

The  salient  feature  of  these  plots  is  that  at  a  fixed  pitch  ratio,  increases  rapidly  as  we 
move  into  the  regime  of  high  single  particle  efficiency;  adjacent  level  curves  of  A^i,  increase  by  a 
factor  of  four.  Consequently,  to  move  from  the  level  curve  =  0.30  to  A^  =  1.20  and  still 
extract  a  large  fraction  of  the  available  energy,  either  the  velocity  spread  would  have  to  decrease 
by  a  factor  of  4  or  the  current  would  have  to  increase  by  a  factor  of  16.  Both  of  these  are 
extremely  difficult  technologically.  Thus,  since  the  maximum  pitch  ratio  is  generally  limited  by 
instabilities  and  reflected  particles,  there  are  severe  constraints  on  the  achievable  efficiency  in  a 
realistic  gyrotwistron. 

This  work  was  supported  by  the  U.S.  Department  of  Energy. 

1.  G.S.  Nusinovich  and  H.  Li,  “Theory  of  the  Relativistic  Gyrotwistron,”  Phys,  Fluids  fl,  4, 
1058  (1992). 

2.  P.E.  Latham  and  G.S.  Nusinovich,  “Modeling  Relativistic  Gyroklystron  Amplifiers,”  Pro¬ 
ceedings  of  the  Workshop  on  Advanced  Accelerator  Concepts,  Port  Jefferson,  NY,  June,  1992. 

3.  P.E.  Latham  and  G.S.  Nusinovich,  to  be  published  in  the  proceedings  of  the  1993  Particle 
Accelerator  Conference. 

4.  W.  Lawson,  B.  Hogan,  P.E.  Latham,  M.E.  Read,  V.L.  Granatstein,  M.  Reiser,  and  C.D. 
Striffler,  “Efficient  Operation  of  a  High  Power  X-Band  Gyroklystron,”  Phys,  Rev,  Lett,^  67,  520 
(1991). 
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Fig.  1.  Level  curves  of  single  particle  efficiency  (solid  lines)  and  A,^  (dashed  lines). 
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Universally  Scaled  Equations  For  Gyrotron  and  CARM  Amplifiers 

B  W  J  McNeil,  G  R  M  Robb  and  A  D  R  Phelps 


Department  of  Physics  and  Applied  Physics 
University  of  Strathclyde,  Glasgow,  G4  ONG,  U.K, 


We  show  that  a  set  of  five  coupled  equations  describing  steady  state  single  TEp^  mode 
gyrotron/CARM  evolution  reduce  to  a  universally  scaled  set  of  three  equations  identical  in  form  to  those 
of  the  steady  state  high  gain  Compton  regime  free  electron  laser  (PEL).  We  do  this  using  the 
approximation  of  slowly  varying  amplitude  and  phase  over  a  cyclotron  period  and  neglect  space-charge 
effects.  We  also  assume  a  thin  annular  beam  concentric  with  a  circular  waveguide  in  the  limit 
kj.rt^<  <  1,  where  kj.  is  the  perpendicular  wavenumber  and  r^  is  the  Larmor  radius. 

Starting  from  the  coupled  Ixirentz-Maxwell  equations,  the  following  equations  can  be  derived 
using  the  above  approximations : 
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and  Bq  is  the  axial  magnetic  field,  Iq  is  the  beam  current,  N.  is  the  number  of  electrons,  is  the  wave 
energy  pe:  unit  length,  (Ro,0o)  the  constant  guiding  centre  co-ordinates  and  A  is  a  dimensionless 
complex  field  amplitude.  All  other  variables  have  their  usual  meaning.  These  equations  are  similar  in 
form  to  those  used  in  earlier  studies  of  various  gyro-devices  except  for  scaling  (eg.  [1]). 

It  can  be  seen  from  equations  (2),  (3)  and  (4)  that  there  is  a  functional  relationship  between 
p,,Uj.i  and  U|n,  so  the  number  of  equations  can  be  reduced  from  five  to  just  three: 
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where  6i“p/®  and  indicates  values  at  Zi-O. 

By  further  scaling  and  in  the  limit  |  Pi  |  ,  |  5i  |  <  <  1.  equations  (6)-(8)  reduce  to: 
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These  univei'sally  scaled  equations  are  identical  In  form  to  those  describing  the  high  gain  Compton 
FEL([2]  and  references  therein).  By  universal  scaling  we  mean  that  the  solution  depends  only  upon  the 
initial  conditkins  pj<®  and  A/®,  As  maximum  values  for  A2  and  pj  are  -1,  the  condition 
I  Pi  I  .  I  81  I  <  <  1  implies  /o<  <  1,  which  can  be  satisfied  over  a  wide  range  of  parameter  space. 
Using  the  analogy  with  FEL  theory  we  call  p  the  ‘Fundamental  Gyrotron/CARM  Parameter’. 

Linear  stability  analysis  of  the  above  equations  for  an  initially  unbunched,  monoenergetic 
resonant  (52*0)  electron  beam  gives  an  intensity  growth  of  |  A2(Zi)  |  ^*  |  A2‘®  |  *  exp(‘/3z2)  for  Zt  >  1 . 
Also,  as  I  A2  I  ~  1  at  saturation,  this  implies  I  A2  I  ^,c:p‘' 

Clearly,  many  of  the  results  of  Compton  FEL  theory  now  become  applicable  to  gyrotrons  and 
CARMs  within  the  above  assumptions  and  limits.  We  believe  this  to  be  a  powerful  statement, 
particularly  with  regard  to  effects  not  yet  fully  considered  in  the  gyrotron.^CARM  literature  e.g. 
superradiant  effects,  optical  guiding  and  development  of  coherence.  Work  is  currently  underway  to 
relax,  or  remove,  the  assumptions  outlined  above. 
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ABSTRACT 

Hi(^er  cyclotron  harmonic  peniotron  oscillator  with  ma^metron  type  cavities  have  been  studied  to 
achieve  higher  frequency  electromagnetic  wave  for  friture  apmications.  3rd  and  10th  harmonic  experi¬ 
mental  tubes  were  desired  and  tested  at  30OHz  and  lOOGHz  wave  regions,  respectiN  ely.  Ihe  3ra  and 
10th  harmonic  tubes  generated  successfully  millimeter  waves  in  the  frequency  range  of  27-350Hz  at 
3rd,  4th  and  5th  cyclotron  harmonics  and  in  the  range  of  103-110OHz  at  9  to  13th  harmonics,  respec¬ 
tively. 


2.  DESIGN  PARAMETERS  AND  EXPERIMENTAL  RESULTS 


In  the  peniotron  interaction,  a  high  conversion  efficiency  is  expected  at  higher  cyclotron  harmonics 
as  well  as  the  fundamental  operation.  The  experimental  test  tubes  were  designed  and  fabricated  as  the 
3rd  and  10  th  cyclotron  harmonic  peniotron  oscillatois  using  magnetron  type  waveguide  resonators  with 
8  and  22  vanes,  respectively. 

The  oscillation  frequencies  of  the  tubes  were  originally  designed  at  SOGHn  and  lOOGHz  at  respec¬ 
tive  modes  of  TB.  ^  j  and  TE^^  j ,  in  the  magnetron  waveguide  cavities.  Fixures  1(a)  and  (b)  show  the 
cross-sectional  vfdiV  of  the  caVlties  and  their  dimensions  for  the  3rd  and  10th  harmonic  experimental 
tubes,  respectively. 

Figure  2  and  3  show  the  simulation  results  of  operational  characteristics  for  the  experimental  tubes 
designed  at  the  3rd  and  10th  cyclotron  harmonic  operation,  respectively.  The  electronic  efficiencies  of 
70%  at  the  3rd  harmonic  and  40%  at  the  10th  harmonic  will  be  achieved  at  power  level  of  nearly  lOkW. 
The  simulation  results  show  that  the  high  efficiency  peniotron  operation  is  capable  at  high  cyclotron 
harmonics  by  using  n  mode  magnetron  type  cavities. 

Figure  4  and  S  show  the  oscillation  frequencies  observed  in  the  3rd  and  10th  harmonic  tubes  as  a 
function  of  DC  magnetic  flux  density,  respectively.  3rd  to  5th  and  9th  to  13th  cyclotron  harmonic  oscil¬ 
lations  were  observed  for  the  3rd  and  10th  harmonic  tubes,  respectively.  The  3id  and  5th  harmonic  oscil¬ 
lations  in  the  3rd  harmonic  tube  correspond  to  the  peniotron  interaction  at  the  respective  axial  modes  of 
the  TE4  j  mauetron  type  waveguide  resonator  and  the  4th  harmonic  oscillations  correimond  to  the  gyro- 
tron  inthractloii  at  the  same  mraes.  Similarly,  the  10th  and  13th  oscillations  in  the  10th  harmonic  tube 
are  considered  as  the  peniotron  interaction  at  TEj,  ^  mode  and  the  11th  oscillations  are  the  gyrotron 
interaction  at  the  same  mode.  On  the  other  hand,  the  9th  and  13th  oscillations  may  be  the  peniotron 
interoction  at  the  TE.^  ^  resonant  mode  in  the  mamietron  type  cavity, 

In  the  Figure  4  4nd  5,  broken  and  solid  Imes  show  the  resonant  conditions  at  higher  cyclotron 
haimonic  operations  of  the  tubes  between  cycloiding  electrons  with  a  velocity  ratio  of  2  and  the  elec- 


le  elec* 


tromajmetic  waves  for  tiie  forward  and  the  backward  wave  interaction  modes  at  the  experimental  condi¬ 
tions.  Most  of  the  oscillations  belong  to  the  backward  wave  oscillations  at  the  respective  modes  of  the 
cavities,  except  at  a  few  oscillations,  due  to  a  lower  starting  current  in  the  backward  wave  interaction. 

We  demonstrated  hij^er  cyclotron  harmonic  peniotron  and  gyrotron  operations  and  showed  that  a 
magnetron  type  waveguide  resonator  was  attractive  for  generation  of  high  frequency  electromapetic 
wave. 

The  work  was  supported  by  a  Grant-Aid  for  Scientific  Research  from  the  Ministry  of  Education, 
Science  and  Culture  in  Japan. 
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Figure  1.  Cross-sectioual  view  of  the  magnetron  type  waveguide  cavities  and  dimensions  for  (a)3rd  and 
(b)lOth  harmonic  experimental  tubes,  respectively. 
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Figure  2.  Simulation  results  of  the  optimum 
output  power  and  the  electronic 
efficiency  in  a  tapered  magnetic 
field  intensity  at  the  3rd  evdotron 
harmonic  operation  as  a  function 
of  the  beam  cunent. 
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Figure  4,  Oscillation  frequencies  observed 
in  the  3rd  harmonic  experimental 
tube  as  a  function  of  DC  magnetic 
flux  density, 
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Figure  3.  Simulation  results  of  the  optimum 
output  power  and  the  electronic 
efiiciency  in  a  tapered  magnetic 
field  intensity  at  the  10th  cyclotron 
harmonic  operation  as  a  function 
of  the  beam  current. 
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Figure  5.  Oscillation  frequencies  observed 
in  the  10th  harmonic  ejmerimental 
tube  as  a  function  of  DC  magnetic 
flux  density. 
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Relativistic  peniomagnetron  of  mm  and  sub  mm  radio  wave  range 
V.D.Yeremka,  V.A.Zhurakhovskiy,  LP.Mospan 

Institute  of  Radiophysics  and  Eiectronics  of  Ukrainian  Academy  of  Sciences, 

12,  Acad.Proskura  st.,  Kharkov,  310085,  Ukraine 

ABSTRACT 

I'wo  trends  of  application  of  gyroresonance,  namely  orbital  acceleration  of  electrons  by  HP>fleld  in  order  to  receive 
mono’pipe  beams  with  large  reserve  of  rotational  energy  of  particles  and  peniotron  braking  of  mono-pipe  beams  at 
high  harmonics  of  cyclotron  frequency  in  order  to  generate  and  amplify  mm  and  sub  mm  radio  waves  without  use  of 
superconductive  magnetic  systems,  are  considered. 

INTRODUCTION 

The  operation  of  gyrodevice  at  high  gyroharmonics  in  peniotron  regime  and  supply  of  rotating  electrons  by 
relativistic  energy  by  means  of  HP  accelerator  finds  an  outlook  to  design  compact  source  of  mm  end  sub  mm  radio 
waves.  HP  accelerator  was  proposed  in  the  patent' .  The  theory  of  its  operation  and  the  results  of  experimental  study 
were  described  in  Ref.^.  The  typical  characteristics  of  electron  beam  in  such  accelerator  are  current  of  0.1 -2.0  A, 
input  kinetic  energy  of  the  particles  of  0.5-1. 0  MeV.  Mono-pipe  electron  flow  having  relativistic  energy  of  rotation 
and  formed  by  the  accelerator  is  used  in  relativistic  peniomagnetron,  operating  at  high  gyroharmonic.  The  pumping 
of  kinetic  energy  in  the  accelerator  can  be  provided  at  the  frequencies  of  3  OHz,  10  OHz  and  20  OHz  and  It  Is 
expedient  to  extract  electron  energy  in  the  source  in  peniotron  regime  at  the  harmonics  with  the  number  from  10  to 
30.  The  scheme  of  the  gyrodevice  having  orbital  accelerator  In  the  first  cascade  and  with  peniomagnetron  in  the 
second  one  is  shown  in  Fig.l . 


2.  THE  RESULTS 

Averaged  equations  of  the  motion  of  electron  in  orbital  accelerator  with  rotating  TE-wave  were  solved  numerically 
in  the  typical  range  of  values  of  the  parameters  U,  z-L/a,  V-a/Eh,  F>r/(v(  Als  the  wavelength  In  vacuum,  L  -  Is 
resonator  length,  En  is  amplitude  of  electric  field  strength  at  inner  wall  of  resonator,  P-is  non-relativlstic  electron 
gyrofrequcncy,  u-is  circular  frequency  of  HP  field).  The  influence  of  above-mentioned  factors  on  accelerator 
characteristics  were  disclosed  during  computer  experiment.  Pig.2  shows  the  current  values  of  relativistic  mass  }>, 
orbit  radius  r,  relativistic  gyrofrequcncy  fl  ,  number  of  turns  N  and  longitudinal  velocity^!  of  electron  versus  axis 
coordinate  T-L/uj  Inside  the  resonator.  One  can  sec  that  the  value  of  relativistic  mass-factory  changes  from  1.02  at 
the  entrance  of  accelerator  to  2. 1 75  at  the  exit,  that  corresponds  to  the  increasing  of  electron  kinetic  energy  from  10 
to  600  keV.  The  comparison  of  the  data  simulated  by  averaged  equations  with  ones  of  Ref.^  received  by  numerical 
Integration  of  exact  assumed  equations,  shows  their  good  coincidence. 

The  conjugation  of  peniomagnetron  accelerator  section  with  orbital  acceleration  section  reduces  to  the  adjustment 
of  magnetostatic  field  induction  at  the  accelerator  entrance  to  the  level  of  exact  gyroresonance.  We  cite  the  master 
data  of  the  simulation  of  relativistic  peniomagnetron-accelcrator  with  mono-pipe  electron  flow.  For  beam  yp  2, 
pitch-angle  v'r75” ,  current  is  5  A,  inltlol  radius  Is  4.6  mm,  the  number  of  turns  is  42.  For  waveguide;  mode  is  TEai , 
/Iptr  1.8,  A"  6  mm,  input  power  Qr  5  kW,  gain  O>20dB,  output  power  Qo»  1.8  MW.  The  regime  Is  impulse  one, 
gyroresonance  order  n'-'5,  electron  efficiency^- 70%,  initial  induction  of  profiled  magnetostatic  field -0.6  T,  final 
induction  is  0.3  T.  Pig.3  shows  the  dependences  of  parameters  x,  v'lC.  N  and  magnetic  field  profile*)  of  relativistic 
peniomagnetron  versus  normalized  length  C  of  Interaction  space. 

The  length  of  device  can  be  decreased  by  the  increasing  of  the  rate  of  transformation  of  particle  energy  Into  energy 
of  the  wave  being  amplified  by  means  of  the  Increasing  of  electron  flow  energy. 

We  present  an  example  of  Judicious  choice  of  calculated  piirameters  of  relativistic  peniomagnetron  operating  at 
lO-th  gyroharmonic  in  the  regime  of  throughout  gyroresonance.  The  beam  has  yo-  4,  v'-  55",  Initial  diameter  of  2.5 
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mm,  the  number  of  turns  Is  10.  The  waveguide  has^^ph**  1.122,  Eip2.50  MW/m,  mode  Is  TEiii,  wavelength  is  0.5 
mm,  tube  length  is  10  cm,  Inner  diameter  is  4.51  min.  The  regime  is  n*10,  ;t'«60%,  BzcM.33  T.  The  dependence  of 
efficiency  x  o»d  field  profile  4  for  1 0  harmonics  versus  normalized  length  C  of  interaction  space  is  shown  in  Fig.4. 

3. CONCLUSION 

The  solution  of  averaged  equations  of  magnetoguided  motion  of  electrons  in  the  field  of  rotating  wave  of 
TEiii-type  coincides  with  numerical  solution  of  the  problem'  in  exact  assumed  definition. The  ability  of  orbital 
accelerator  to  transform  initially  rectilinear  electron  beams  having  the  voltage  of  10-30  kV  into  rotating  mono-pipe 
beams  with  the  energy  of  transversal  motion  of  particles  of  orderof  0.5  meV,  was  demonstrated.  It  was  demonstrated 
in  monoenergetlc  approximation  that  relativistic  peniomagnetron  with  profiled  magnetic  field  retained  electron 
efficiency  of  order  of  40-60%  at  high  order  (n-5-10)  of  gyroresonance  in  mm  and  sub  mm  range.  The  Influence  of 
spreads  and  unhomogeneities  on  power  characteristics  of  peniomagnetron  was  considered  by  us^ 
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Fig.  1.  Scheme  of  rclutlvlsllc  peniomagnetron 
with  orbital  accelerator 


Flg,3,  Dependence  of  electron  crficicncy 
normalized  induction  of  magnetic  field  (d  > ,  gain  by 
power  (0),  electron  turns’  number  (M)  of 
relativistic  pcniomagnelroti-ampllficr  on 
normalized  length  of  inlet  action  space 


Pig2.  Dependence  of  relativistic  mass  <y> ,  orbit  radius  (r) , 
relativistic  gyrofrcquency  (A),  turns'  number  (N), 
longitudinal  velocity  (^i)  on  axis  coordinate  (T) 


Pig.4.  Dependence  of  normalized  values  of  electron 
efficiency  and  magnetic  field  «9)  on  normalized  length  of 
interaction  space  of  relativistic  peniomagnetron  at 
gyroharmonic  n-l  +  10 
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TWO-STAGE  35  GHZ  GYRO-PENIOTRON  AMPUFIER  EXPERIMENT* 

G.S,  ParkS,  C  M.  Annstrong,  A.K.  Ganguly,  R.H,  Kyset^,  and  J.L.  Hirshfleld^ 

Naval  Research  Laboratory,  Code  6840,  Washington,  DC  20375 

ABSTRACT 

A  iwo-itago  second  harmonic  TE3,i  gyro-peniotron  amplifler  with  a  nsing-sun  slotted  waveguide  structure  has  been 
designed  utilizing  an  axls>enclfcllng  beam.  The  unwanted  TE2,i  gyrotron  BWO  was  suppressed  by  using  a  rlsl(i^*sun 
Interaction  structure.  43%  efficiency  Is  predicted  for  a  70  kV,  3,SA  beam  with  3%  velocity  spread  and  10%  guiding  center 
spread.  Fabrication  of  couplera,  rf  circuits,  20dB  attenuator,  window,  and  election  gun  are  underway. 

INTRODUCTION 

Recent  interest  In  high  resolution  radar  has  stimulated  development  of  compact  efficient  high  power  mllllmei  wave 
amplifiers.  Since  the  power  levels  of  Interest  are  beyond  those  available  flrom  conventional  slow  wave  vacuum  elecuonlcs 
technology,  the  development  of  advanced  fast  wave  gyro*ampllflers  Is  spurred  on.  However,  the  magnetic  field  required  for 
gyro*ampllflers  operating  at  the  fondamental  cyclotron  firequency  Is  too  high  at  millimeter  wave  flr^uencies  to  midce  them 
practical  for  many  system  applications.  Therefore  the  development  of  reduced«fleld  hannonlc  gyro*ampllflet  s  is  required.  A 
recent  theoretical  study  of  the  gyro<penlotron^  employing  a  slotted  waveguide  Interaction  structure  with  an  axis  encircling 
electron  beam^  has  demonstrated  the  potential  for  efficient  high  p^wer  harmonic  ote^atlon  at  reduced  values  of  magnetic 
field  and  beam  voltage. 

STABILITY  AND  RI8INO«SUN  STRUCTURE 

The  gyrotron  BWO  In  the  TH2,l  mode  la  the  most  dangerous  mode  which  can  compete  with  the  operating  second  harmonic 
TB3,i  gyro<penlotron  mode.  The  oscillation  threshold  interaction  lengths  of  the  TE2,i  and  lEs.i  modes  are  calculated^  to 
be  2  cm  and  4  cm  respectively  for  a  70  kV,  3.3A  beam  with  a  velocity  ratio  of  1 .3  and  the  grazing  B<fleld(6.7kn).  Since  the 
cutoff  frequency  of  the  TE2,i  mode  is  close  to  that  of  TB3,i  mode,  a  rlsing*sun  structure  Is  used  to  move  the  'fEg,!  mode 
cutoff  frequency  above  the  TE3,i  mode,  as  shown  In  Flg.l.  Fig.2  shows  the  stable  operation  of  the  TE3,i  mode  with  tmi 
beam  mode  by  employing  a  rlslng'sun  circuit. 


Pig.  1 .  Evolution  of  cutoff  frequency  Pig.2.  Dispersion  of  rlslng>sun  structure  and  beam  line 

DESIGN  STUDY  AND  EXPERIMENTAL  SETUP 

Since  the  TE3,i  mode,  or  ic-mode,  In  the  rislng*sun  structure  conudns  a  sizable  2K-mode  component,  tlte  saturation  length 
of  the  rising-sun  structure  Is  observed  to  be  longer  than  that  of  the  regular  (uniform)  vane  structure,  as  shown  in  Flg.3.  The 
saturated  efficiencies,  however,  are  seen  to  be  comparable  for  both  circuit  configurations.  Nonlinear  device  calculations 
show  43%  efficiency,  2SdB  gain  for  a  70kV,  3,3A  b^  with  a  3%  axial  velocity  spread  and  a  10%  guiding  center  spread 
for  both  suuctures.  An  Input  power  of  3(X)W  and  beam  velocity  ratio  of  1.4(>a)  were  used  in  the  calculations.  An  electron 
gun  for  producing  the  high  quality  axis-endreiing  beam  required  is  currently  in  fabrication.  Gun  code^  results  Indicate  1% 
axial  velocity  spi^  and  3%  guiding  center  spread  for  die  above  beam  parameters.  Flg.4  shows  the  schematic  of  the  gyro- 
peniotron  amplifier  with  the  electron  gun  and  magnet  systems. 


'5.5 


.TB,!  HI* 

(dontd  Him) 

r«lultfvitM.,  ^ 

•InWI  BiMii  SODW 

(b/iHt,9)  /  \ 

■  -B/B  lO  M 

'*  /*■•  ' 

10* 

/  /  \ 

•A  v/v,i  J* 

-a;  1.4 

<*<*UU  Uo*) 

20dB 

KiMMitlor 

‘ 

2  3 

ZOnch) 


(b|/aii2.064> 


Plg.3.  Axial  ovolution  of  simulated  offlclency 
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collector 


output  coupler 
two-stage  circuit 

Input  converter  20dB  attenuator 
coupler 

Flg.4.  Schematic  of  gyro-penlotron  amplifier 


CIRCUIT  U£SIGN  AND  COLD  TESTS 

An  X-band  coupler  and  uniform  vane  mode  converter  previously^  cold-tested  has  been  inodifled  for  operation  with  a 
rising-sun  structure.  The  modes  of  the  Ka-band  rising-sun  structure  have  been  Identified  experimentally  as  shown  In  Flg.2, 
A  hybrid  smooth  guide  linear  polarized  TEs,]  coupler^  (■0.2dB  coupling  and  -2SdB  return  loss:  Fig.5)  and  a  nonllnearly 
tapered  transition  waveguide  for  mode  conversion  from  cylindrical  TE3,i  mode  to  rlsIng-sun  ms,!  mode  (or  it  mode)  have 
been  designed  using  the  HFSS  codo^.  The  simulated  return  loss  of  the  20dB  attenuator  is  better  than  -20dB. 
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Flg.6.  Drawing  of  the  linearly  polarized  TH3,i  coupler 
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Introduction 

The  penlotron  Is  an  electron  cyclotron  resonance  device  In  which  RF  radiation  can  be  amplified  by 
extracting  the  kinetic  energy  of  a  hollow  rotating  electron  beam.  The  penlotron  Is  unique  among  all 
electron  tube  devices  because  electron  bunching  Is  not  essential  In  Us  operation  mechanism  and  so  each 
electron  loses  Us  kinetic  energy  Independently.  Therefore  for  an  optimized  device  high  electronic 
efficiency  can  be  realized,  especially  In  the  auto-resonance  mode,  where  electronic  efficiency  close  to 
lOOH  has  been  predlctcd(l).  The  penlotron  Is  suitable  for  high  power  generation  because  Us  wave  guide 
circuit  Is  simple.  Operation  at  high  cyclotron  harmonics  is  also  possible,  resulting  in  generation  of  high 
frequencies  in  the  millimeter  and  sub^milllmeter  wave  regions  at  relatively  low  values  of  DC  magnetic 
field.  Although  experimental  work  has  been  reported  on  efficient  operation  for  peniotrons  with  low  beam 
energies  under  50  KeV(2),(3},  performance  at  relativistic  energies  over  SOO  keV  still  remains 
experimentally  unexplored.  We  hove  taken  up  this  challenge  and  so  we  have  set  out  to  develop  a 
relativistic  penlotron  in  our  laboratory,  where  an  induction  llnac  driven  electron  beam  of  3  kA  can  be 
generated  with  energy  of  1  MeV.  We  have  completed  the  design  of  a  prototype  penlotron  oscillator  device 
and  done  some  preliminary  experiments  where  we  obtained  a  strong  RF  radiation  of  7  MW  at  5  GHz . 

Daalgn  and  exptrlmenis 

The  penlotron  Interaction  can  be  sustained  in  a  circular  waveguide  structure  if  the  RF  angular 
frequency  ,u>,  and  the  electron  cyclotron  angular  frcqucncy.u)  ,  are  related  by  u)-(p-l)(i>  -fllv  ,  where  p  is 

C  w  Z 

the  RF  azimuthal  harmonic,  p,  the  RF  wave  phase  propagation  constant  and  v  the  electron  longitudinal 

z 

velocity.  Therefore  In  a  circular  waveguide  circularly  polarized  TB2^ modes  can  be  excited  by  electrons 
rotating  at  the  fundamental  cyclotron  frequency.  We  have  designed  a  penlotron  oscillator,  for  operation 
at  the  fundamental  cyclotron  harmonic  in  a  T  j  ntodc  circular  waveguide  cavlty.The  design 
parameters,  shown  In  table  1,  were  chosen  for  the  convenience  of  our  laboratory,  where  the  available 
beam  energy  is  limited  to  1  MeV  and  the  guiding  DC  magnetic  field  cannot  exceed  3  kG.  According  to 
the  simulation  results,  shown  in  figure  1,  with  a  beam  current  of  50  amperes  RF  power  of  30  MW  can 
be  generated  In  the  designed  cavity  at  an  optimum  efficiency  of  60%.  Figure  2  shows  the  r.Jiematlc 
diagram  of  the  experimental  device.  In  the  experiment,  electrons  are  extracted  from  a  hollow  cold  velvet 
cathode  using  a  1  MeV  ,4  stage  Induction  LINAC.  The  electrons  arc  then  passed  through  a  magnetic  cusp, 
where  they  acquire  rotational  energy  before  entering  the  cavity,  where  they  lose  some  of  their  kinetic 
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onerRy  lo  the  RF  wave.  A  .small  fraction  of  the  Rencrated  RF  power  Is  then  tapped  with  a  directional 
coupler  for  mca.sureinent  and  the  re.si  Is  dissipated  In  a  dummy  load.  Figure  3  shows  the  experimental 
results  obtained  by  vailing  the  DC  magnetic  guiding  field.  We  observed  a  strong  5  GHz  oscillation, 
which  was  well  above  the  fundamental  cyclotron  frequency  of  2.75  GHz.  Therefore  this  oscillation 
corresponds  to  either  higher  cyclotron  or  longitudinal  harmonics  and  more  tests  arc  necessary  for  Its 
positive  Identification.  Other  clear  oscillations  were  obtained  at  2. 75  GHz  and  3.2  GHz,  corresponding 
to  second  harmonic  gyrotron  Interaction  at  the  TE2J  ^  and  TE2^2 

Strong  mixed  harmonic  RF  radiation  ,  caused  by  mode  competition,  was  also  observed  at  other  values  of 
DC  magnetic  field  as  Indicated  In  the  figure.  In  order  to  excite  the  fundamental  pcnlotron  mode,  we 
shall  Improve  the  shape  of  the  cusp  and  Introduce  a  mirror  magnetic  field  for  controlling  the  beam 
pitch  angle  to  avoid  excitation  of  high  longitudinal  modes. 

References 


I.  Btlrdolal.  lEDM,  1987, 91.t.916 

2  Yokoo  el,  al  Int,  J.  Electronics,  1989,  vol.  67,  no  3, 489-890 

.1  Muayokl  ot  al.  Ini.  J.  Elecirunica,  1992,  vol  72,  no  9  and 6, 1067*1077 


4.  Rheo  et  il.  The  Phplcs  of  Fluids,  1974, vol  17,  no  8, 1974.1981 


operation  mode 

T'^211 

cavity  radius 

SS  mm 

cavity  length 

200  mm 

operation  frequency 

2.75  GHz 

loaded  Q, 

2000 

beam  energy 

1  MeV 

velocity  ratio  (v^/v^) 

2 

DC  magnetic  field 

0.246  T 

Table  I :  Simulation  panimotors 


FIgl;  Simiilation  ro.sull.1 


Fig  2; 


Schematic  diagram  of  the 
rclalivi.sllc  petilulrun 


Fig  3:  Experimental  rv,<iull.s 
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ABSTRACT 

The  peniomagnetron  with  two  mirror  open  resonator  is  presented.  Characteristic  properties  of  the  design  and 
characteristics  of  electron-optical  system  of  open  resonator  are  described.  It  Is  shown  that  in  nonrelativlstlc  variant 
of  the  design  the  profiling  of  magnetostatic  field  by  the  law  of  exact  cyclotron  resonance  provides  the  increasing  of 
electron  efficiency  at  high  cyclotron  harmonics.  The  application  of  open  resonator  and  magnetron-type  waveguide 
decreases  mode  competition. 

l.INTRODUCTION 

Lately  the  study  of  gyrodevices  with  penlotron  mechanism  of  the  interaction  of  electrons  and  waves  are  actively 
carried  out.  However,  penlotron  sources,  operating  at  high  gyroharmonlcs,  have  relatively  small  sizes  and  by  the 
level  of  output  power  fill  the  "niche"  between  classical  devices  (TWT,  magnetron,  clynotron,  orotron,  echelettron) 
and  gyrotrons.  Oyromagnetron*  and  peniomagnetron^  use  cylindrical  volumetric  resonator,  that  limits  mean  value 
of  output  power  at  the  shortening  of  wavelength.  Besides,  collector  design  with  energy  recuperation  of  worked-out 
electrons  gets  significantly  complicated  at  the  extraction  of  HF-power  out  of  cylindrical  resonator  end  of 
peniomagnetron.  The  application  of  two-mirror  open  resonator  (OR)  in  peniomagnetron  allows  to  increase  output 
power  at  the  shortening  of  wavelength  and  to  increase  the  efficiency  owing  to  recuperation  and  elimination  of  the 
Influence  of  non-resonant  components  of  standing  wave  fleld^. 

2.THE  BASE  DESIGN 

The  geometry  of  peniomagnetron  with  two-mirror  OR,  called  by  us  "difratron",  is  presented  in  Fig.  1 .  Interaction 
space  1  of  electron  and  waves  of  form  of  waveguide  with  22  ribs  Is  coupled  with  two-mirror  resonator  by  coupling 
openings  2.  OR  is  formed  by  cylindrical  mirror  3  and  spherical  mirror  4.  The  mirror  3  is  supplied  with  the  system  5 
of  extraction  of  the  energy  into  load.  Difratron  has  collector-recuperator.  High-orbit  electron  flow  6  is  injected  of 
three-electrode  electron  gun  (Fig.2),  described  in  Ref.^  Beam  current  of  0.2-0.8  A  and  magnetic  Held  in  the  space 
1  of  approximately  0.3  T.  Vectors  of  magnetic  field  Induction  (Bkon  the  cathode  and  B  in  the  interaction  space)  have 

opposite  direction  and  their  values  satisfy  the  relationship  D*  -  4,55  ■  10“**  ^  (where  mean  diameter 

I>5-10  mm,  operating  voltage  U-6-20  kV,  the  ratio  of  rotational  and  full  energies  of  electrons  Wi/W>0.7-0.8. 

3.0PERATING  PRINCIPLE 

Rotating  Hmi  mode  is  operating  one.  Effective  operation  of  peniomagnetron  with  two-mirror  OR  at  large  order  of 
gyroresonance  n-mi±  1  is  possible  only  at  large  radii  r  of  electron  orbits,  running  into  intensive  field  region.  But  the 
value  r  is  defined  by  the  gyroresonance  condition^.  The  increasing  of  velocity  vi  and  decreasing  of  phase  velocity  vnh 
of  the  wave  facilitate  the  increasing  of  r.  The  technique  of  selection  of  Hmi  wave  was  tested  in  gyromagnetron  . 
Hmi-wave  field  transforms  into  field  of  oscillation  types  of  OR,  diffracting  on  coupling  slots.  The  change  of  output 
signal  frequency  can  be  carried  out  by  the  change  of  OR  volume. 
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4.  THE  RESULTS 

Averaged  equations  of  magnetoguided  motion  of  mono-pipe  electron  beam,  rotating  in  the  field  of  axially 
decelerated  Hmi-wave  were  formed  by  analogy  with  the  equations  received  in  Ref.^.  The  system  of  equations  was 
solved  numerically.  Fig.3  shows  the  dependencies  of  electron  efficiency  and  normalized  induction  of  magnetostatic 
fieldi)  on  dimensionless  longitudinal  coordinate^fordifferentorder  of  gyroresonancen.  Growth  rate  of;);  is  inversely 
proportional  to  n.  But  it  is  still  acceptable  at  n-10. 

We  cite  calculated  parameters  of  nonrelativistic  difratron  with  axially  decelerated  wave  and  homogeneous  and 
profiled  magnetostatic  field:  }'rl.02,  (initial  electron  energy  is  10  keV),  PpW“  0.383,  n"0.0366n;,  n«10, 

A-5  mm,  m-11  (Hn,i-mode),x*44%,  d*  1.44,  NHi  turns.  Calculated  output  power  is  1.1  kW  at  beam  current  of 
0.25  A.  Cold  measurements  of  sphere-cylindrical  OR  parameters  show  automatic  compensation  of  phase 
unhomogeneity  that  present  itself  magnetron  waveguide  with  coupling  slots. 

5. CONCLUSION 

Difratron-peniomagnetron  with  two-mirror  OR  at  nonrelativistic  electron  energies  has  a  perspective  to  be  an 
effective  source  of  mm  radio  wave  of  kW-power  level  with  electrical-mechanical  frequency  change  and  rarefied 
spectrum  of  high  quality  oscillations. 
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Fig.l.  Diagrammatic  representation  of 
electrodynamic  structure  of  difratron 


Fig.2.  Geometrical  arrangement  of  the  triode  gun  with 
electron  trajectories  potential  lines  and  axial  magnetic  field 


Fig.3.  Dependence  of  electron  efficiency  X  profile  d  of  magnetostatic  field  induction  on 
normalized  length  ^  of  interaction  space  of  peniomagnetron  at  high  harmonics  of  cyclotron  frequency 
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Theory  of  reflection*type  gyro-TWT  and  gyro-BWO 
Alexander  P.  Chetveiikov 

Saratov  University,  Physical  Derartment, 

Astrahanskaya,  83,  Saratov  410071,  Russia 

ABSTRACT 

The  theoiy  of  a  gyro-TWT-BWO  based  on  a  new  approach  is  suggested.  A  substitution  of  a  piece 
of  the  tapered  waveguide  by  the  conic  one  and  a  representation  of  the  electromagnetic  field 
in  the  waveguide  as  the  supeiposition  of  a  standing  wave  and  travelling  wave  are  used  in  the 
theoretical  ^ysis.  Regimes  of  the  amplificatimi  and  BWO-oscillation  may  be  described  by 
the  themy. 

As  well  known  (see,  for  example,  ^*2),  a  tapering  waveguide  and  tapering  static  magnetic 
field  are  used  as  a  rule  for  a  widening  of  a  band  of  an  amplification  of  the  gyro*TWT  or  a 
band  of  a  shift  of  a  generation  frequency  of  the  gyro-BWO.  In  these  wide<band  devices  the 
region  of  the  interaction  space  is  realized  for  a  signal  of  each  frequency  u  from  a  wide  band 
where  an  effective  interaction  between  a  helical  electron  beam  and  a  TE  e.m.  wave  takes 
place.  An  input  signal  is  introduced  into  the  interaction  space  either  by  means  of  the  wide- 


the  waveguide  imd  a  followmg  reflection  from  a  critical  section  of  the  waveguide.  We  shall 
examine  here  both  cases.  In  the  gyro-BWO  the  generated  signal  is  reflects  from  critical 
section  and  taken  out  through  a  collectcH'  end  of  the  device  too.  The  calculation  of 
characteristics  of  devices  are  carried  out  often  using  the  solution  of  the  wave  equation 
without  a  selection  of  a  travelling  and  backward  waves.  But  there  is  the  j^lem  of  a  correct 
formulating  of  boundary  conditions  in  this  case.  In  present  work  it  is  offered  to  express  the 
field  exited  by  an  electron  beam  as 

8  >  ReKF|(*)EoiW  +  Pz(«)E„(»))*(fi)1e^.  (D 

where  Eoi(z)  and  Ep2(z)  describe  the  standing  and  travelling  waves,  accordingly,  and  are 
defined  as  eigenfimctions  of  the  conic  waveguim  since  the  liimted  tapering  waveguide  may  be 
replaced  by  the  conic  waveguide  for  signals  of  acting  frequencies  in  the  theoretical 
analysis.  In  particular,  they  may  be  defined  as  solutions  of  the  wave  equation 

^  +  Iq'  -  2-^ 

following  from  the  general  wave  equation  under  a  condition  of  a  slow  change  of  the  waveguide 
radius  R(z)  >  ez  for  e  «  1.  Here  n  is  the  integer  part  of  the  value  l(koRo)/6  + 

,q  =  w/ugr,  Z  s  koz,  the  index  "0"  marks  values,  corresponding  to  the  input  end  of  the 
waveguide.  Assuming  that  the  coordinate  Z  is  counted  out  the  apex  of  the  cone  it  is 
convenient  to  express  own  functions  as^ 

Eo,  «  Eof„(Z)  =  Eo/^v^/„(qZ)  (3) 

Eo2  -  Eo4„(Z)  «  EoV^v/^„(qZ),  (4) 

where  and  Nn  are  the  Bessel  function  and  Hankel  function,  accordingly,  Eq  is  an  amplitude 
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of  own  mode.  Then  amplitudes  of  the  field  exited  by  the  HF  electron  current  L  may  be 
represented  as 

Zl 

“  -kJ  I  w*„aSidz  (5) 

2 

^*(2)  -  J  J^Eo'i'f^dSj.dZ  +  F,„ir(Z,n) 

ZflSi 


In  integrals  (S)>(6)  it  is  taken  into  account  that  the  HF  current  L  exits  on  a  certain  side 
of  the  section  correi^nding  to  the  coordinate  Zg  and  by  means  it  is  describe  a  non- 
reflection-type  gyro-TWT.  Boundary  conditions  for  exited  amplituaes  are  next.  (l)For  a 
generauon  regime  F2(Zo)=0,  Fi(Zi,)=dO,  F,n=0  and  besides  the  value  F2(Zi,)»Fo  defines  the 
output  power,  and  a  condition  Fq  ->  0  gives  a  starting  current  (or  a  starting  current  of  a 
parasitic  self-excitation  in  a  gyro-TWT).  (2)For  the  reflection-type  im  F2(Zo)«0, 
Fi(ZL)=Fi,n.  <r=p.  (3)For  the  non-reflection-type  gyro-TWT  F2(Zo)“0,  F,(Zl)=*0  and  irsat)  if  Z  < 
Zinw  ***<»  Z  >  Z,n,j,  where  Z,„y  is  the  section  of  input  of  the  signal  of  the  frequency 


The  amplitude  may  be  defined  in  a  framework  of  models  of  a  different  level  of 
complexity.  For  example,  in  a  simple  case  when  static  magnetic  field  is  chang^  according  to 
B«)  =  Bo(l  -  vC),  the  full  system  of  equations  of  present  theory  of  gyro-TW-BWO  with  a 
tapering  waveguide  is 


<L  C 

F.  -•  J  ♦„(X)idc.  F,  =  -J  »„(X)id<:  +  <r(«,„„)F,„, 

^2ir 

I  “  TirJ  ^^0  .  *■  «  (0:2«), 

0 


-  j(l-V)  {-0.5v  +  Ib-P< -mI(1 +a-2)-(l-l-vC)l(l+2v<:)l0l*+ 


(l  +  2V)«-2n  1}  -  (1-v'<-V)(F,v„+F2^J, 

dV 

^  -  -0.5a'  V|<;.o  =  0  . 


where  <  =  ck^(Z-Zo),  ^  =  [(r*exp(je))/rolexp(jb<),  b  -  (w-We)/ckoV,o.  M  =  ra*(vJc)l/2B  is 
the  nonizohromty  parameter,  c  is  the  parameter  of  an  interaction  (imalogous  to  the  Pierce 
parameter  in  the  TWT  theory),  X  *  n+c/c,  q  =  q*  +  i2ti€^b)fa\  q«  -  w„/<, 

V  =  (v*  -  v,«)/v,o,  p  =  (va2c)/(2Mc2),  a  =  v^o/v^g.  In  general  case  this  system  of  equations 
must  be  solved  by  numerical  methods. 
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ABSTRACT 

A  comparative  analysis  of  single-frequency,  multi-frequency  and  chaotic  oscillations  in 
BWO*s  of  different  electrons-electromag^c  waves  interaction  mechanisms  is  inesented.  The 
conventional  BWO  with  a  nonrelativistic  electrcm  beam  and  relativistic  BWO,  syro-BWO,  BWO- 
peniotron.  anomaly-Doppler-BWO  are  considered.  The  analvsis  is  performeu  on  the  basis  of 
author  original  theoretical  results  and  known  data  from  the  literature. 


As  known,  there  are  a  number  of  microwave  generatme  which  are  classified  as  "backward 
wave  oscillators"  (BWO's).  They  are  based  on  the  interaction  of  an  e.m.wave  and  an  electron 
beam  with  conh^  group  velocides.  Oscillatkms  arise  in  them  duo  to  an  absolute 
instabilidr  and  mav  be  single-frequency  or  multi-frequency  •  periodic  or  chaotic  but  with  a 
narrow  frequency  band.  That  is  wny  electrodynamic  processes  in  BWO*s  of  different  interaction 
mechanisms  are  like  in  spite  of  their  various  electrodynamic  systems.  In  the  theoretical 
analysis  they  are  described  by  the  equation  of  a  simple  wave  for  a  slow  time  and  space  scale 
amplitude  of  the  e.ro.  wave 

5£  .  55  -  -I,  (1) 

At  ac  ' 


because  the  relation  w  «  4-  (dWah)ho(h  -  ho)  is  right  for  each  frequency  firom  the  narrow 

band  out  of  the  vicinity  or  cut-off  freqi^ies  of  the  waveguide  system.  Here  s  uid  ho  are 
chosen  under  a  ctmition  of  the  exact  synchronism  bmween  the  e.m.  wave 

i^(z.ri,t)  >  Re[F(T,c)4(rx)exp(j(uot-tL)Z))1  and  the  electrons  wave  (wave  of  a  HF  current)  of 
the  slow  time  and  s^e  sciue  amplitude  I(t,0,  which  is  defined  specially  for  each  type  of 
BWO’s,  c  ~  choz  and  T  »  ctf»t(l  -h  Vo/lv,rt)  are  slow  axial  coordinate  and  slow  time  in  the 
coordinate  iwstem  moving  with  the  nonpeiturbed  axial  velocity  of  electrons  Vq  ,c  is  a 
puameter  of  the  interaction  and  is  detained  specially  in  each  case  also.  In  addition 
r(CL)  0  and  F(C,t»0)  »  Fo«;),  where  Fo  is  a  function  of  an  initial  field  distribution  (L  is 
the  length  of  the  interaction  spoce).For  the  first  time  this  model  was  studied  by  Ginzburg, 
Kuznetsov  et  al.>  for  a  conventional  BWO  with  nonrelativistic  and  relativistic  beams,  where  I 
was  defined  by  equations 

I  -;JV'”do„,  1^  -.(l+2rSc|^’^(FA  'io«(0.2«)  ® 

It  was  found  by  numerical  simulation  method  that  a  regime  of  oscillations  which  arose  when 
Cl  >  CLit  ond  was  single-frequency  under  Cttt  <  Cl  <  Cim  became  complicated  when  Cl  (Cl  is 
proportionid  to  if  L  -cons*)  was  largo-  than  a  biftircational  value  Cl^  periodic  and 

chaotic  selfoKxlulation  were  settled.  Also  it  was  shown  that  complex  oscillations  were  caused 
by  an  overbunching  of  electrons  and  a  delaying  feedback  in  a  distributed  system  "an  electron 
bmm  plus  a  backward  e.m.wave*.  Analogous  processes  take  place  in  other  BWO  with  an  iner^ 

bunching  -  gyro-BWO>  ,  where  I  is  defined  in  a  framework  of  a  simple  model  by  the  equation 
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I  2n  9 

I  =  2^;  ^d<Po,  +  jM(l  -  IPI  )P  =  F.  eJVo^  <p^<0M 

However,  in  this  case  characteristics  of  oscillations  and  the  oscillation  build-up  process 
from  "rising"  until  reaching  "steady-state"  are  dq)ended  on  also  the  parameter  m  =  Vo/(2cc), 
defining  a  change  of  a  cvclotron  frequency  electrons-oscillators  (electrons,  rotating  in  a 
static  magnetic  neld)  as  a  ninction  of  an  energy. 

There  are  BWO’s  with  non-inertia  mechanisms  of  bunching  of  electrons  where  nevertheless 
inertia  properties  of  electrons-oscillators  provide  a  possibility  of  a  realization  of  complex 

oscillations.  They  are  a  BWO-peniotron  where^ 

II  +  J»*p(l-»)I  -  lp-(p+l)»l»'''F,  1 1 5^-  0,  <♦> 

III  (l-»)r  "  (5) 

(p  is  a  number  of  a  cyclotron  resonance),  and  an  ultrarelativistic  anomaly-Doppler  BWO  when^ 

=*  .(1  -h  |I|*)(F  +  iV),  Ilij.o“  0.  (6) 

The  unique  propei^  of  BWO-peniotron  is  a  possibility  of  a  generation  of  a  high  efficiency 
single-frrauency  oscillations  when  the  parameter  m  is  small  and  multi-frequency  ones  under 
large  m.  And  vice  versa  single-frequency  oscillations  are  not  possible  practically  in  ADBWO 
due  to  a  strong  dependence  on  an  energy. 

A  comparauve  analysis  of  oscillations  in  these  devices  performed  on  the  basis  of  results 
of  Ref.‘'*  mainly  shows  that  stages  of  the  oscillations  build  up  process  from  "rising"  until 
reaching  "steady  state  "  are  like  and  a  difference  is  accounted  by  nonlinear  pr(^)erties  of  an 

electron  beam.  Thus  a  single  linear  mode  with  the  most  "smooth"  space  distribution  and 

largest  increment  is  stood  out  from  an  initial  noise  distribution  during  the  linear  stage  of 
the  build  up  process.  Then  the  single-frequency  steady  state  is  a  established  if  the 
disturbing  of  a  phase  correlation  between  HF  field  and  current  leading  to  an  energy  change 
direction  does  not  take  place  in  the  interaction  !^ce.  If  the  energy  change  process  is 
occurred  due  to  an  overbunching  of  electrons  as  in  devices  with  the  inertia  mechanism  of  the 
interaction  (conventions!  BWO,  gyro-BWO)  or  due  to  the  change  of  own  frequency  of  electrons- 
oscillators  as  in  devices  with  the  non-inertia  mechanism  ^WO-peniotron,  ADBWO)  then 
oscillations  are  multi-frequency  including  chaotic  if  Uie  blfircational  parameter  is 
sufficiently  large.  Studying  of  these  processes  permits  to  offer  methods  of  the  control  of 
characteristics  and  besides  methods  connecting  with  electromagnetic  processes  may  be 
universal. 
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ABSTRACT 

Wire-grid  type  polarizers  were  fabricated  by  electroplating  nickel  or  copper  into  me  cwiunnicr  pores  of  anodic 
alumina  filma.  A  film  exhibited  an  extinction  ratio  larger  than  30  dB  in  the  wave<  ..gth  range  of  1-7  fim. 

1.  INTRODUCTION 

Anodic  oxidation  is  a  well-known  technique  for  forming  an  alumina  (AI3O3)  film  on  the  surface  of  an  aluminum 
plate.  As  Fig.l  shows,  an  anodic  alumina  film  contains  columner  pores  of  <>^100-A  diameter.  By  filling  the 
pores  with  a  guest  material  (metal,  semiconductor,  dielectric,  etc.),  the  alumina  films  exhibit  anisotropic  optical 
properties, ‘  In  this  work,  we  electroplated  metals  into  the  pores,  and  studied  the  optical-loss  anisotropy  in  the 
infrared  region. 

2.  SAMPLE  PREPARATION  => 

An  aluminum  plate,  500-/im  thickness  and  10xl6-mm^  area,  was  anodized  in  a  15-wt%  solution  of  sulfuric 
acid  by  a  dc  current  of  0.5  mA/mm^.  An  alumina  film  of  50-100 '^m  thickness  was  formed  in  35-70  min.  After 
the  post-anodization  treatment  in  a  sulfoaalicylic  acid  solution,  we  electroplated  nickel  into  the  pores  by  applying 
ac  16  V  to  the  alumina/aluminum  plate  in  an  electrolyte  of  nickel  sulfate.  Nickel  ions  were  first  deposited  at  the 
bottoms  of  the  pores,  and  then  nickel  columns  grew  gradually  toward  the  surface  of  the  film.  The  nickel  columns 
grew  to  the  height  (thickness)  of  60-70  /4m  in  '<'120  min.  Copper  was  also  deposited  into  the  pores  in  a  similar 
manner.  For  optical  experiments,  wc  sliced  the  film  to  the  length  of  dslO  ^m  and  polished  the  side  surfaces. 

3.  OPTICAL  ATTENUATION 

Wc  observed  alumina  films  by  a  transmission  microscope.  Illuminating  light  was  polarized  linearly  in  llic 
direction  horizontal  (H)  or  vertical  (V)  to  the  nickel  columns,  Figure  2  shows  the  pictures  of  a  nickel-irnplanted 
alumina  film.  The  intensity  of  transmitted  light  depends  strongly  on  the  direction  of  polarization. 


Fig.  1  Structural  model  of  an  anodic 
alumina  film. 


Fig.  2  Microscopic  photographs  of  an  anodic  alumina  film  con¬ 
taining  nickel  columns.  The  film  was  illuminated  from 
the  back,  and  transmitted  light  was  observed.  Light  was 
polarized  linearly  in  the  direction  (a)  horizontal  or  (b) 
vertical  to  the  nickel  columns.  Film  thickness  is  50  //m. 
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Fig.  3 


Optical  attenuation  spectra  of  a  nickel-implanted 
alumina  film  (circles  and  solid  curves)  and  a  wire- 
grid  polarizer  (dot-dash  curves).  The  thickness  of 
the  alumina  film  is  t=50  fim  and  the  length  is  d=13 
/ini.  The  attenuations  contain  reflection  losses  at 
the  entrance  and  exit  surfaces  of  the  polarisers. 
The  detection  limit  is  -36  dB  at  the  wavelengths 
longer  than  2  fim. 


Wavelength  (pm) 


We  measured  the  transmit  tan  ces  of  alumina  films  by  using  a  He-Ne  laser  (wavelength;  0.63  fim),  LED’s  (0.85, 
1.30,  and  1.55  pm),  and  a  microscopic  FTIR  spectrometer  (Horiba,  FT530).  A  light  beam  was  focused  to  the 
spot  size  of  ~10  pm  and  passed  the  film  of  50-pm  thickness.  The  polarisation  direction  of  the  incident  light  was 
selected  by  a  polarizer;  l.e.,  a  Glan-Thompson  prism  (extinction  ratio;  ~40  dB)  at  wavelengths  bulow  2  pm  and 
a  wire-grid  polarizer  (Cambridge,  IGP225)  at  longer  wavelengths.  To  examine  the  performance  of  the  wire-grid 
polarizer,  we  first  evaluated  the  principal  transmlttairces  by  using  two  wire-grid  polarizers  of  the  same  type.^  Dot- 
dash  curves  in  Fig.  3  show  the  attenuations  for  two  principal  directions  of  polarizations.  By  using  these  data, 
we  corrected  the  measured  transmittances  of  alumina  Aims.  Circles  and  solid  curves  in  Fig.  3  show  the  optical 
attenuation  spectra  of  a  nickel-implanted  alumina  film  which  were  evaluated  in  this  manner.  Being  limited  by  the 
sensitivity  of  the  current  measurement  system,  we  could  not  evaluate  the  attenuation  larger  than  35  dB  beyond  2- 
pm  wavelength.  The  attenuation  for  H-polarizatlon  is  larger  than  the  detection  limit.  In  the  attenuation  spectrum 
for  V-polarizatlon,  the  absorption  bands  are  seen  around  3-  and  6-pm  wavelengths,  which  are  caused  by  water 
impurity  in  the  alumina  film.  The  extinction  ratio  is  larger  than  30  dB  over  the  wavelength  range  of  1-7  pm.  On 
the  other  hand,  the  extinction  ratio  of  the  conventional  wire-grid  polarizer  (dot-dash  curves)  in  '"20  dB  or  less. 


4.  DISCUSSION 

In  the  electroplating  process,  the  deposition  rate  decreases  gradually  with  time  and  metal  columns  Anally  stop 
growing  at  some  height;  i.e.,  attainable  column  height  is  currently  -oTO  pm  for  nickel  and  ~20  pm  for  copper.  We 
must  improve  the  electroplating  technique  further  to  make  polarizers  of  large  aperture. 

Concerning  the  extinction  ratio,  the  nickel-implanted  alumina  Aim  is  superior  to  the  conventional  wire-grid 
polarizer.  For  practical  uses,  however,  the  insertion  loss,  i.e.,  the  loss  for  V-polarization,  must  be  reduced.  Theo¬ 
retical  analysis  predicts  that  copper  columns  yield  a  smaller  insertion  loss  than  nickel  columns.  We  are  currently 
evaluating  the  optical  attenuations  of  copper-implanted  fllms.  For  the  reduction  of  the  insertion  loss,  we  are  also 
studying  the  anodization  in  a  phosphoric  acid  solution,  by  which  we  can  form  alumina  fllms  with  smaller  amount 
of  impurities.'' 

5.  CONCLUSION 

Anodic  alumina  films  exhibit  a  large  anisotropy  in  transmittance  when  a  metal  is  deposited  In  the  pores.  The 
fllms  are  useful  as  polarizers  for  the  infrared  region  where  efflclent  and  inexpensive  polarizers  are  not  available. 

6.  REFERENCES 

1.  M.  Saito  and  M.  Miyagi,  J.  Opt.  Soc.  Am.  A,  6, 1895  (1989). 

2.  T.  Seki,  M.  Saito,  and  M.  Miyagi,  lEICE  Thins.  E74,  3801  (1991). 

3.  J.  P.  Anton  and  M.  C.  Hutloy,  Infrared  Phy$.  12,  96  (1972). 

4.  S.  Nakamura,  M.  Saito,  L.  F.  Huang,  M.  Miyagi,  and  K.  Wada,  Jpn.  J.  Appl.  Phys.  31,  3689  (1992). 


414 


W6.2 


RBSmTTlION  type;  laOLAlDR  FOR  SUBMIUiMmiS  WAVES 
V.K.  ICononankD,  E.M.  Kuleahov 

Instltuta  of  Radloph/sloa  and  Eleotroiloa 
Aoadflny  of  Solanooa  of  Ukr&ina 
12  Aoad.  Proacura  at..  Kharkov,  31008R,  Ukraine 

ABSTRACT 

The  prcopertlea  of  nonreolprooal  attenoatora  with  olroular  dlohrolo  mirror 
baaed  on  the  aeadocxiduotor>metal  atruoture  mn  analyaed.  Experlnental  data  for  the 
quaalQptloal  laolator  ualng  n-InSb  aa  a  plekom  medium  are  given. 

l.IMTlCIXKTrilGN 

Nonreolprooal  ref leotlon  type  attanuatora  with  the  olroular  dlohrolo  mirror 
(GDM)  baaad  on  the  varloua  aemloondytotor  atruoturea  are  found  a  uae  for  the 
laolatlon  In  a  quaaloptloal  olrouita  .  The  oharaoterlatloa  of  auoh  devioea  are 
defined  by  a  type  of  anplolng  GDM.  The  device  oonaldered  here  la  a  nonreolprooal 
attenuator,  containing  COM  baaed  on  the  aemioonduotor-metal  atruoture. 

2. DESIGN  CF  DEVICE 

Flg.l  illuatratea  the  baalo  dealgn  of  nonreolprooal  attenuator  for 
aubmllllmater  wavolengtha.  taking  Into  aooount  the  qpeolflo  featurea  of  auoh  navea 
trananlaalon  that  la  a  broad  wave  beam  ualng.  Dealgn  oonalata  of  two  prlnolpal 
aaacnbllea!  a  duplex  devloe  end  CEM.  Duplex  devloc  Including  polarlaatlon  divider 
and  quarter-wava  phaae  aeotlon  reallaea  neoeaaary  tranafomatlona  of  the  wave 
polarlaatlon  and  Ojiianlaea  entry  and  exit  of  the  nonreolprooal  attenuator.  The 
polarlaatlon  oella  of  the  duplex  device  have  been  carried  out  on  the  baae  of  the 
wire  grlda  with  diameter  of  the  wire  8  Mm  and  with  the  atep  30  Mn>  CEM  hae  been 
carried  out  on  the  baale  of  the  n-InStHnetal  atruoture.  To  achieve  nonreolprooal 
operation,  thla  atruoture  waa  oooled  to  liquid  nitrogen  teirperature  and  do  magnetic 
field  waa  applied.  Round  hollow  dleleotrlo  bearoguide  of  20  mm  dlamater  waa  uaed  aa 
a  quaaloptloal  trananlaalon  line. 

d.THBcnrriGAL  results 

Analyala  of  CEM  propertlea  and  dharaoterlatloa  of  nonreolprooal  attenuator  waa 
aooonpllehad  in  the  plane  wave  and  the  Ideal  metal  approximation.  There  were  aleo 
ueed  the  oondltiona  of  wave  refleotlon  minimum  from  auoh  atruoture  detarmlnlng 
maximum  of  raver ae  loaaea  of  nonreolprooal  attenuator. 

Fig.  2  Illuatratea  theoretloal  dapandenoea  of  CEM  parameter  a  and 
dharaoterlatloa  of  the  nonreolprooal  attenuator,  oaloulated  for  values  and 

MsQ  (M  -  Interfarenoe  order} .  It  oan  be  seen,  that  there  exlat  valuea  In 

idiloh  the  losses  of  wave  refleotlon  from  CEM  are  aoceptable  for  forward  losses  of 
the  ncnreolprocAl  attenuator.  For  exanple,  the  losses  are  less  1  dB  for  valuea 
(dp/io  S  1,1-1, 3  (helloGn  node  polarlaatlon)  and  (4>/U)  S  0.76  (antlhallcxn  mode 
polarlaatlGn} .  It  should  be  noted,  that  opposite  dlreotlone  of  the  do  megnatlo 
field  oorreapond  to  orthogonal  focms  of  the  olroular  polarlaatlon  on  condition  that 
vatlal  rotatory  dlreotory  of  wave  field  le  retained  invariable.  It  oen  be  aeen 
too,  that  two  variant  CEM  on  fixed  frequency  different  in  the  oholoe  of  value: 

>  1  or  (dp/U)  <  1  are  possible.  The  mnaller  forward  loeaea  are  possible  for 
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the  aeoGnd  veurlent  for  loner  do  megnetlo  field  value,  however  in  this  oaee 
frequencs^  bendvidth  la  narrower. 


4.  RESULTS 

Fig.  3  lllustrateB  eoqperljnental  results  obtained  for  the  subRiilllmefter-wave 
isolator  with  CDM  oorresponding  to  the  first  variant  (UJIp/Il)>1)  at  the  do  nagnetio 
field  0.94  U3.  The  n-InSb  the  folloMing  pBramefteigp:  1^11  eleotrcn 

ocnoentration  of  about  4.7  k  10  cm  .  nobility  of  about  4.4  x  10  on  /V‘  a.  plate 
thlokneea  170  |iiA  (MsO).  The  Initial  losees  of  beansulde  eleoantB  were  equal  1  dB. 

The  oBolllatlon  on  frequency  dependence  of  the  reverse  losaea  arlaea  beoauae 
of  inhcmcgenlty  of  do  iiagnetio  field.  This  Inhomogenity  reached  3X  within  the 
olrole  lijnitai  where  aooording  to  oaloulationa  90X  node  power  of  beamgulde  are 
ocnoentratad. 


6.  aMCLUSlOM 

Qunaioptioal  iaolator  providing  Insertion  loBaea  of  1  2.6  dB  .  a  baokward 
loaaea  of  20-27  dB,  VSNR  <  1.2  In  the  waveleniths  range  of  0.B6-1.00  on  at  the 
nagnetio  field  0.94  U3  haa  been  built. 


1.  V.  K.  Kononenko  and  B.  M.  Haledhov.  ‘‘Raflaation-type  Iaolator  baaed  on  the 
structure  dleleatrio-aemloonduotor" ,  SadiotedniGA  i  SleottmioG,  Vol  30,  N-7, 
pp.  1267-1277,  1966.  Cl^liah  translation  In:  Badio  Ena*  SlGOtxaa,  Fttya,  (USA)]. 

2.  A.  Ya.  UeiOGiv,  ed.  Sleotrenioa  and  Adiqphysios  of  and 

mbadllimter  Mdio  Mives,  Naukova  dundna,  Kiev,  1986. 


Flg.l.  Fig.2.  Fig. 3. 

Flg.l.  Quaaioptioal  iaolator.  I  -  duplex  dovioe)  H  -  oiroular  didhroio 
mirror.  1  -  polarisation  divider:  2  -  quarter-wave  phase  eeotion:  3  -  aesdoonduotor 
plate:  4  -  natal  mirror;  5  -  BnCo  magnet;  6  -  oooled  holder. 

Fig. 2.  Theoretical  dependenoes  for:  1  -  magnet  field  (|(Uhi>‘(0);  2  - 

thiokneaa  of  the  n-InSb  plate  (lOdA^);  3  -  forward  loaaea  (L);  4  -  relative 

bandwidth  of  reverse  losaea  at  the  level  of  20  dB  (Aa)/(U»), 

Fig.  3.  Experimental  frequency  dependenoea  of  forward  (curve  1),  reverae 
(curve  2)  loBaea  and  VBWR  (curve  3)  of  the  quaaioptioal  isolator. 
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Abstract 

Ihe  design,  characterisation,  manufacture  and  i^vlicatlon  of  new,  large  area,  quasi>optlcal  Faraday  rotators  is 
discussed.  When  used  as  isolators  these  have  given  state  of  the  art  performance  at  W-band  with  isolations  >60dB  and 
insertion  loss  <  O.SdB  at  spot  frequencies. 


1.  IntroductioD 

PTee'Spece  isolators  using  ferrites  with  external  magnets  have  been  described  before  at  4(}OHz[l]  and  2850Hz  [2] 
with  respective  Isolations  of  40dB  and  18dB,  and  respective  insertion  losses  of  O.ldB  and  2dB.  However  they  required  large 
external  magnets  and  had  relatively  small  apertures.  Free-space  Isolators  using  permanently  magnetised  ferrites  were  first 
examined  by  D, Martin  and  R.Wylde  who  surveyed  a  number  of  ferrites  and  produced  an  isolator  with  17dB  isolation  at 
llSOHz  [3],  This  work  was  extended  and  improved  upon  by  M.R.Webb  [4]  who  produced  Isolators  with  isolations  ~30dB 
at  W-band.  However,  these  isolators  also  had  very  small  ap^urts  which  made  it  difficult  to  incorporate  them  into  existing 
quasi-optlcal  structures.  This  paper  reports  some  new  results,  and  considers  some  of  the  important  design  and  manufacturing 
problems  in  the  production  of  large  area  Faraday  rotators  of  size  100mm  x  100mm.  Requiring  no  external  magnetisation, 
these  are  extremely  easy  to  use  and  Incoiporate  into  existing  quasi-optlcal  systems  and  have  allowed  a  nuntber  of  new  quasi- 
optlcal  techniques  and  systems  to  be  utilised. 


2.  Dtslgn  and  Manuhcture 

The  ferrite  originally  used  by  D.Martin,  R.Wylde[3]  and  M.R.  Webb[4]  was  Perroxdure  330  (otlglnully 
manufactured  by  Mullard  in  the  U.K).  This  is  an  inexpensive,  permanently  magnetised  hexagonal  strontium  ferrite, 
commonly  used  in  motors,  with  a  gyromagnetic  resonance  frequency  of  around  lOOHz.  It  has  a  number  of  equivalents, 
manufactured  by  a  number  of  other  companies,  known  as  Ceramic  8  or  Perrova  3  and  is  available  in  the  form  of  relatively 
large  sheets.  These  have  been  found  to  be  equivalent  magnetically  to  Perroxdure  330,  although  a  considerable  variation  In 
insertion  loss  has  been  noted  on  a  batch  to  batch  basts.  When  mognetised  into  saturation  it  has  been  found  that  the  ferrite 
exhibits  a  rotation  of  30  degrees/mm  at  W-bond.  For  use  as  an  isolator  or  circulator,  which  requires  45  degree  rotation,  the 
ferrite  sheet  is  accurately  ground  to  a  thickness  of  l.Smm,  and  then  re-magnetised.  (We  use  a  magnet  with  a  ITosla  Beld). 

The  physical  basis  of  Faraday  rotation  is  that  the  spins  of  the  ferrite  material  are  aligned  by  a  magnetic  field,  which 
Interact  with  a  propagating  electro-magnetic  beam  causing  different  propagation  rates  (different  complex  refractive  indices) 
for  the  two  circular  polarisation  suites.  The  net  effect  of  this  is  to  produce  a  rotation  of  a  linearly  polarised  beam.  At  W-band 
the  ferrite  is  operating  well  above  resonance  and  the  relative  permeabilities  for  the  two  circular  polBrlsatlon  states  are 
approximately  given  by  1  ±  8  where  6  is  small  and  frequency  dependent  [5].  Using  a  Martin-Puplett  polarising  interfeiometer 
it  is  relatively  simple  to  measure  the  reflection  coefficient  of  a  magnetised  ferrite  for  each  of  the  two  circular  polarisation 
slates  as  a  function  of  frequency.  These  have  indicated  that  the  refractive  index  of  the  ferrite  at  W-band  is  approximately 
given  by  n(X)  ■  5.3210.83X  (where  X  is  measured  in  mm),  although  there  has  been  some  slight  variation  from  batch  to  batch. 
(It  should  also  be  noted  that  the  loss  varies  slightly  with  polarisation  state). 

Perfect  rotation  is  essentially  limited  by  multiple  reflections  within  the  ferrite,  and  Is  thus  dependent  on  the 
matching  of  the  ferrite  to  free-space.  Because  of  its  high  refractive  index,  the  isolation  and  return  loss  of  the  ferrite  without 
matching  is  extremely  poor.  Ideally  for  minimum  reflection  at  a  given  frequency,  the  matching  layer  should  be  quarter 
wavelength  with  a  refractive  index  of  approximately  2.3. 

Two  materials  have  been  used  in  practice  to  match  the  ferrites.  Fluorosint  (manufactured  by  Polypenco)  is  an  alloy 
of  PIPE  and  mica,  which  is  extremely  low  loss  and  very  easy  to  machine,  which  has  allowed  quarter  wavelength  layers  at 
2000Hz  to  be  manufactured.  It  has  a  refractive  index  of  1.88  which  although  not  ideal,  is  still  relatively  high  compared  to 
many  other  low  loss  materials.  It  is  also  possible  to  obtain  artiflciai  materials  whore  the  dielectric  constant  can  bo  chosen  by 
appi^rlate  mixes  of  high  dielectric  constant  and  low  dlelecU4c  constant  materials.  We  have  used  a  composite  material  with 
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a  dielectric  constant  of  S.2,  known  as  PT  S.2  (manufactured  by  OEC  Plessey  Semiconductors)  This  allows  almost  perfect 
matching,  however,  this  material  is  extremely  difncult  to  machine  into  the  thin  layers  required  for  quarter  wavelength 
matching  at  W-band  and  above  (<3S(Him).  In  practice,  three  quarter  wavelength  matching  has  been  employed  which  has 
given  g(^  performance  but  limited  the  bandwidth  of  the  Faraday  rotator.  Both  matching  materials  are  glu^  onto  the  ferrite 
using  a  diluted  epoxy  resin  mix.  It  is  important  that  the  glue  is  very  thin  and  very  even,  otherwise  air  gaps  can  occur  which 
can  significantly  degrade  performance.  The  thickness  of  the  glue  should  also  be  token  into  account  to  determine  the  centre 
frequency,  particularly  for  operation  at  high  frequencies. 


3.  Results 

When  used  as  an  isolator  or  circulator  the  ferrite  is  a  4S  degree  Faraday  rotator  positioned  between  two  wire-grid 
polarisers  angled  at  43  degrees.  At  W-band  with  quarter  wavelength  Fluorosint  matching.  Isolators  have  been  constructed 
that  have  >20dB  Isolation  from  7SOHz  to  1030Hz  with  3040dB  isolation  at  the  centre  of  the  band.  Insertion  loss  is  ‘-0,3dB 
at  the  centre  the  centre  of  the  band  rising  slowly  to  I.OdB  at  the  band  edges.  The  extra  insertion  loss  is  due  to  reflection 
losses  due  to  non-petfect  matching.  The  Isolation  is  also  limited  by  the  matching. 

With  three  quarter  wavelength  matching  using  PT3.2,  isolation  >40dB  has  been  obtained  at  the  centre  of  the  band 
(30Hz  bandwidth),  although  the  isolation  and  insertion  loss  fall  away  rapidly  out  of  bond.  In  fact,  we  have  obtained 
isolations  in  excess  of  60dB  at  spot  frequencies  with  insertion  loss  below  0.3dB.  To  obtain  tltls  level  of  performance  core 
must  be  taken  to  terminate  all  unused  ports,  and  ensure  that  isolation  is  not  limited  by  the  cross-polarisation  component 
passed  by  the  wire-grid  polarisers  which  is  typically  of  the  order  of  -33dB.  This  is  usually  achieved  by  additional  polarisers 
or  using  the  extra  cross-polarisation  rejection  provided  by  a  corrugated  feedhom  to  waveguide  transition  (used  in  the 
measurements). 

Ail  these  results  have  been  successfully  theoretically  modelled.  Indicating  that  the  isolation  is  simply  a  matter  of 
appropriate  matching.  Details  of  the  modelling  and  further  expeiitnental  results  will  be  given  in  a  subsequent  paper,  Single 
pass  resistive  loss  of  the  ferrite  Isolators  described  was  estimated  to  be  <0,3dB  at  W-band. 

It  has  also  been  found  that  angling  the  ferrite  slightly,  with  respect  to  the  quasl-optical  beam  axis,  can  reduce 
standing  waves  (due  to  reflection  from  the  ferrite)  to  negligible  proportions,  without  significantly  affecting  the  overall 
perfoimance  of  the  Isolators. 


4.  Applications 

Those  Faraday  rotators  are  useful  in  any  millimetre-wave  system  which  requires  high  isolation  where  insertion  loss 
is  at  a  premium.  Quasi-optical  isolators  and  circulators  have  also  been  found  to  be  exU'emely  useful  in  coupling  to  high  Q 
open  resonator  systems  in  reflection  where  they  provide  a  highly  sensitive  frequency  discriminator  [6],  They  have  also 
been  used  in  vadous  oscillator  stabilisation  schemes  [7],  and  have  proved  very  useful  in  dual  polarisation  quasi-optical 
RADAR  systems  [8],  and  in  systems  which  require  analysis  of  the  spatial  frequency  content  of  the  bcam[9],  They  also  have 
considerable  potential  for  use  at  higher  frequencies  in  the  sub- millimeter  wave  band  although  their  insertion  loss  and  isolation 
at  these  frequencies  has  still  to  be  established. 
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MODULATION  OHARACTERISTIOS  OF  INJECTION  HETEROLASERS 
OOlCPRISING  CHARGE  CARRIERS  HEATED  BY  EXTERNAL  MW  ELECTRIC  FIELD 
IN  VIEW  OF  ELECTRON-ELECTRON  AND  ELECTRON-HOLE  INTERACTIONS 
AS  WELL  AS  HIGHER  FIELD  TRANSPORT 

T.Yu.BaKaeva,  I.I.FllatoVt  V.B.Gorflnkel, 
S.A.Ourevioh*,  T.I.Solodkaya 
Seu?atov  Branoh  of  IRE  Russian  Ao.Sol.*  Saratov,  Russia 
*A.F. Ioffe  Institute  of  Russian  Ao.Soi.*  Russia*  St.PetersbuPK 

A  new  method  of  effective  modulation  of  heterolaser  radiation 
was  proposed  in  [1-2]  oonsistin^  of  ohariice  oarrler  heatlnf;  in  an 
active  laser  area  by  the  external  microwave  (MW)  electric  field. 
In  the  present  paper  the  new  results  of  theoretical  and  experi¬ 
mental  study  in  the  area  of  heterolaser  radiation  MW  modulation 
and  formation  of  picosecond  optic  pulses  through  the  charge 
carrier  boating  in  the  active  injection  laser  on  the  double 
heterostructure  n'"AlxGai-xAs-OaAs-p'*'AlKGa«-xAs  with  classic  and 
quantum  well  in  view  of  electron-electron  and  electron-hole 
interactions,  as  well  as  higher  field  transport  are  discussed. 

To  describe  the  effect  of  carrier  heating  of  the  steady-state 
and  dynamic  behaviour  of  the  diode  laser  we  used  the  model  based 
on  laser  rate  equations  and  the  energy  balance  equations  for 
electrons  and  holes  in  the  active  layer.  Energy  relaxation  times 
were  calculated  by  Monte  Carlo  technique. 

In  the  steady-state  case  we  calculated  the  dependence  of 
laser  threshold  current  on  the  heating  electric  field  applied  in 
direction  parallel  to  active  layer  plane.  The  result  is  shown  in 
the  Flg.1.  In  the  calculations  we  iised  the  laser  active 
region  parameters  as  the  length  of  300  dm,  width  of  5  dm  and  the 
narrow-band  layer  thiokness  of  0.2  dm  and  0.01  dm  for  the  lasers 
with  classic  and  quantum  well  respectively.  The  parameter  for 
the  solid  curves  plotted  in  Fig.1.  is  low-field  electron 
mobility.  The  dashed  curve  corresponds  to  the  case  when  the  hole 
heating  was  not  regarded  and  the  hole  temperature  was  assumed  to 
be  equal  to  the  lattice  one.  The  main  result  Illustrated  by 
Flg.1.  is  the  sharp  increase  in  the  laser  threshold  current  when 
applying  the  heating  field  of  only  a  few  kV/cm. 

The  modulation  method  under  study  enables  to  form  picosecond 
optic  pulses  exhibiting  hl^  peak  powers.  In  the  active  hetero- 
structure  layer  a  saturated  optical  gain  is  achieved  because  of 
current  and  optical  pumping  in  the  stationary  state.  With  this, 
the  temperature  of  charge  carriers  in  active  layer  is  maintained 
at  the  level  which  significantly  exceeds  the  lattice  temperature. 
As  the  heating  action  is  ceased*  the  carrier  temperature  drops 
to  that  of  the  lattice  during  the  time  of  the  order  of  energy 
relaxation  time.  The  optical  gain  grows  abruptly  and  the 
recombination  of  stored  electron-hole  pairs  proceeds  as  a  short 
and  powerful  optic  pulse. 

It  was  shown  that  electron  heating  to  temperatures 
corresponding  to  the  intervalley  electron  transfer  allows 

for  higher  achievable  peedc  pulse  powers  of  a  few  tens  of  watts 
with  durations  of  lower  than  lOps  in  the  above  heterostructure 
where  the  conduction  band  gap  is  greater  them  the  distance 
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between  F  and  L  valleye  (0.3<x<0.4)*  Thereby,  the  optlo  pulse 
oodln^  up  to  the  frequency  of  50  OHz  oan  be  realized. 


The  fabrloated  laser  structure  is  shown  sohematloally  in  the 
inset  of  Fig. 2.  It  is  essentially  a  common  ridge-ipiide  struc¬ 
ture.  For  the  laser  preparation  we  used  AlQaAs-OaXs  separate- 
confinement  heterostructure  single  quantum  well  wafer  grown  by 
MBE  on  p  QaAs  substrate.  The  thickness  of  quantum  well  active 
layer  was  100  a.  The  6  Urn  ridge-guide  mesa  structure  was  formed 
by  etching  of  two  grooves  each  of  4  width.  Then,  the  ohmic 
contacts  were  embedded  onto  the  ridge  top  as  well  as  on  the  sur¬ 
face  of  the  structure  outside  of  the  grooves. The  central  contact 
pad  has  been  used  for  the  laser  pumping,  while  the  side  one  for 
plasma  heating  in  the  active  layer. 

The  current-voltage  characteristics  measured  on  the  side 
contacts  were  linear  and  with  laser  cavity  length  of  400  lim  the 
resistance  was  about  100  Ohm  at  zero  pumping  current. Fig. 2  shows 
the  set  of  output  power  v.s.  pumping  current  characteristics 
obtained  at  different  currents  applied  to  the  side  contacts.  The 
significant  increase  of  laser  threshold  manifests  the  influence 
of  the  applied  current  on  the  optical  gain  in  the  laser.  Effici¬ 
ent  near  100J(  modulation  of  the  laser  output  has  been  obtained 
with  40Hz  alternating  voltage  when  the  laser  was  driven  at  twice 
the  threshold.  In  this  experiment  the  pumping  current  was  not 
practically  Influenced  by  4  OHz  signal.  The  results  of  these 
experiments  demonstrate  the  effect  of  carrier  heating  produced 
by  the  voltage  applied  to  the  side  contacts. 

In  summary  we  demonstrated  that  carrier  heating  in  external 
electric  field  is  very  promlssing  for  modulation  of  laser  diode 
output  up  to  the  frequencies  of  50  QHz.  A  new  laser  structure  is 
designed  to  realize  effective  modulation  by  carrier  heating. 
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ABSTRACT 

The  antlferronagnetlo  order ine  effect  in  iron  borate  FeBOa  weak  (to  O.IT) 
floctemal  field  H  viaa  observed  at  the  frequency  300  GHa  at  the  room  teirperature. 
The  losses  on  AfUR  line,  with  width  ■‘1%,  Increased  or  deoreased  depending  on  geo 
rnetry  H^k  or  H||k  respectively,  but  remained  snail  and  oonatant  at  the  neithbourl 
ng  frequencies.  Such  propertlea  of  monoory stale  FdBOa  enable  to  create  nonreolp 
rooal  and  modulation  devices  in  the  mn  end  subnm  ranges  of  radiowaves. 


1.  INTRODUCTION 


The  researoh  of  antiferronagnetic  resonance  (AEHR)  In  the  weak- ferromagnetic 
crystal  FeBOsCl]  showed  this  material  to  be  proapectlve  for  using  In  the  nn 
and  subtrm  radloMave  devices.  At  present  time  perfect  apeoimens  of  the  monoory  a 
tal  FeBOs  are  obtained  in  Simferopol'  Unlveralty.  There  were  meaaurements  made  of 
the  AFMR  parameters  at  room  temperature  for  clearing  up  the  possibility  of  oreati 
ng  of  SHF  devices  on  the  base  such  mcnocry stale. 

The  measuring  Instrument  vas  developed  by  using  devices  based  on  quaaioptlo 
(00)  trananission  line  in  the  form  of  the  rouiul  hollow  dielectric  beamguide  (HDB) 
20  nrn  diameter  that  was  designed  in  IRE  of  Academy  of  Sclenoea  of  Ukraine.  The 
speoimen  of  the  monoorystal  of  iron  borate  in  the  form  of  greenish  aemitranspare 
nt  plate  having  size  '■5x5x0.!  trm  vas  placed  in  the  metallic  waveguide  having 
the  oross-sectlon  0,2x3, 6  nin  that  vas  matched  with  polymodal  vAveguide  having 
the  cross  section  1,8x3, 6  mm  by  means  of  wedge-ahaped  anooth  -tranaitions.  The  vAve 
guide- to-beomgulde  transition  (WBT)  from  20  inn  diameter  to  the  oroas-saotion  l,8x 
3,6nm  implemented  in  the  form  of  horn  ensured  the  00  trananiaslon  line  matching  wi 
th  the  vAveguide  1,6x3, 6  mm.  BWO  was  used  as  EHF  generator  that  worked  either  in 
review  mode,  l.e.  frequency  sweeping  regime,  or  in  measuring  mode,  l.e.  at  fixed 
frequency.  The  waveguided  sharpening  detector  was  connected  up  to  the  QO  trans 
mission  line  by  meeuns  of  WBT. 
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2.  SOME  EXPERIMENTAL  RESULTS 

The  signal  attenuation  vets  equal  to  ~8  dB  in  the  viavesulde  having  the  cross- 
section  1,8x3, 6  im  and  50  mn  length  which  included  a  narrower  10  nm  lot  of  the  cro 
ss-section  0,2x3, 6  mm.  Specimen  is  placed  throuth  the  slots  0,2x10  nm  In  the  narrow 
walla  of  the  waveguide.  In  this  case  the  attenuations  increases  by  4t6  dB. 

In  flg.l  the  signal  level  dependence  la  given  on  magnitude  of  the  external  ma 
gnetlo  field.  It  Is  seen  that  the  specimen  has  ferric  induction  -1  Oe.  The  ori 
gin  of  this  induction  Is  still  unclear. 

Fig. 2  shows  the  dependenoe  of  the  variation  of  the  level  of  the  signal  trans 
mltted  (E(H||)-E(Ht))/E(H||),  caused  by  magnetic  field  on  the  crystal  tenperature. 

The  resonant  frequency  retuning  is  in  the  tenpemture  range  5-i-40^C 

and  the  absorption  line  width  af/f»«a  la  4+SX  in  acoordanoe  with  our  measuremanta. 
These  oharaoteristioa  allow  to  oreate  devices  such  as  modulators  or  rejection  fll 
tars  that  are  ohangable  by  tenperature  and  caitrolled  by  magnetic  field. 

3. REFERENCE 

L.V.Velihov,  A. 8. Prokhorov,  E.Q.Rudashevsky,  V.N.Belemev:  "Antlferromagnetlo  reao 
nance  in  Feia3s,JETP,vol.66,No.5,1974,pp.l847-1861(ius) 
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TRANSVERSE  RESONANCES  IN  OVERSIZED  WAVEGUIDES 
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ABSTRACT 

One  possible  way  to  achieve  100%  reflection  of  a  low  order  mode  In  an  oversized  waveguide  Is  to  use 
the  principle  of  transverse  resonances.  In  a  short  resonant  section  a  hi^  order  waveguide  mode  close 
to  cutoff  is  excited.  If  the  coupling  to  the  high  order  mode  is  equal  to  its  losses  and  if  the  resonant  phase 
condition  is  fulfilled  a  100%  reflection  of  the  low  order  mode  is  possible. 

INTRODUCTION 

Short  inner  waveguide  reflectors  and  notch  filters  can  be  realized  by  using  the  effect  of  transverse 
resonances  [1].  A  trapped  mode  is  resonantly  excited  with  the  help  of  waveguide  discontinuities.  The 
quality  factor  of  the  trapped  mode  defines  the  bandwidth  of  the  reflection.  This  type  of  waveguide 
element  can  be  used  as  a  short  100%  reflector  in  a  cyclotron  autoresonance  maser  (CARM)  resonator  [2] 
or  as  a  notch  filter  (diagnostics).  Calculations  and  measurements  on  such  a  notch  filter  have  been 
performed  at  28  GHz  and  show  a  good  agreement  between  theory  and  experiment. 

SCATTERING  MATRIX  CODE 

To  analyze  this  effect  we  use  a  scattering  matrix  code  which  takes  into  account  all  forward  and  backward 
travelling  modes  as  well  as  additional  cutoff  modes  (evanescent  modes)[2].  Using  this  method  the  change 
in  the  mode  amplitude  spectrum  for  a  waveguide  transition  can  be  calculated  accurately.  Since  the 
waveguide  modes  must  satisfy  the  condition  of  power  conservation,  all  the  complex  elements  of  the 
scattering  matrix  are  bounded  to  the  unit  circle.  This  leads  to  a  numerical  stable  description  of  the 
problem. 


where  A|,  A, ...  mode  vector  containing  the  incident  and  reflected  modes  in  the  left  cross  section 
B„  B,  ...  mode  vector  containing  the  incident  and  reflected  modes  in  the  right  cross  section 
S  ...  scattering  matrix  containing  the  coupling  coefficients  and  propagation  constants 


EXAMPLES 


As  a  first  example  we  show  this  effect  In  a  rectangular  waveguide,  where  in  the  smaller  cross  section 
only  one  mode  can  propagate.  We  chose  as  an  example  a  rectangular  waveguide  R320  at  28  GHz  with 
a  symmetrical  step  In  the  width  (Fig.l).  Fig.2  shows  the  calculated  modal  field  distribution  Inside  of  the 
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waveguide  at  resonance,  Fig.3  gives  the  power  distribution  in  the  waveguide,  and  Fig.4  presents  the 
transmission  curve  over  the  frequency. 

In  the  case  of  an  oversized  waveguide,  i.e.  if  more  than  one  mode  can  propagate  in  the  smalier 
waveguide  sections,  the  problem  becomes  more  complicated.  The  excitation  of  spurious  modes,  different 
from  the  resonant  higher  order  mode,  which  will  occur  in  an  arbitraiy  step  has  to  be  avoided.  This  can 
be  achieved  by  using  a  nonlinear  taper  instead  of  a  step  and  by  using  a  partial  mode  converter  in  the 
resonance  section. 

SUMMARY 

A  transverse  resonance  allows  to  reflect  waveguide  modes  frequency  selectively.  This  is  equivalent  to 
a  Fabry>Ferot  resonator  where  the  transmittivity  of  the  mirrors  Is  defined  by  the  coupling  of  the  trapped 
higher  order  mode  to  the  reflected  low  order  input  mode  (distributed  coupling). 

REFERENCES 

[1]  P.E.Latham  et.al.,  Int.J.Electronics,  1992,  Vot.72,  No.2, 273*304. 

[2]  C.K.Chong  et.al.,  IEEE  Transactions  on  Plasma  Science,  Vol.20,  393-402,  1992. 

[3]  D.Wagner,  J.Pretterebner,  Proc.,  2nd  Workshop  on  PEM-mmWaves,  1M2,  Rijnhulzen,  Nieuwegeln, 
The  Netherlands. 

[4]  D.Wagner,  J.Pretterebner,  M.Thumm,  Proc.,  17th  Int.Conf.on  Infrared  and  Millimeter  Waves,  1992, 


Figl.  Rectangular  stepped  waveguide.  Fig2.  Modal  field  distribution  in  the  Interior  of 

the  waveguide 
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Wavefront  divinding  Ring-Inteifemmetets  for  the  Far  Infrared. 
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A  sohematik  of  a  lamella  gradttg  with  four  reflectors  is  given  as 


The  Incoming  wavefront  is  diffmcted  at  (he  reflectors.  One  set  of  reflectors  is  displaced 
with  respect  to  the  other  and  light  from  the  two  sets  is  interfering  with  light  flom  the  other  set  For 
monochromado  light,  if  the  optical  path  difference  between  the  two  sets  is  such  that  we  have 
oonstniotlve  interference,  all  the  li^t  travels  in  the  direction  of  reflection  (zero  order).  If  we  have 
destnictive  interference,  the  light  is  diffracted  into  the  first  and  higher  orders  and  travel  into  a 
direction  making  an  angle  with  the  direction  of  reflection,  but  light  is  traveling  in  the  direction  of 
teflecdon.  We  can  change  the  displacement  between  the  two  sets  of  reflectors  at  a  sequence  of 
intervals  such  that  we  have  altenudng  light  falling  on  the  detector  and  not.  The  recorded  Intensity 
is  the  interferogram. 

We  now  assume  that  we  have  as  incident  light  a  frequency  band  with  highest 
frequency  Vg,  To  do  this  we  may  take  a  broad  band  source  and  use  a  low  pass  Alter.  The  sample 
theorem  of  Fourier  transform  spectroscopy  tells  us  that  we  have  to  choose  the  length  /  of  the 
sampling  Intervall  equal  l/2Vg.  The  highest  frequency  used  for  calculation  of  the  sample  interval 
determines  as  well  the  minimum  distance  at  which  wt  have  to  place  the  detector  in  order  nut  to 
detect  first  or  higher  order  light.  If  non  of  the  first  order  light  arrives  at  the  detector,  we  obtain 
optimum  moduladon  of  the  interferogram.  If  a  certain  fracdon  of  the  first  order  light  is  as  well 
detected,  the  modulation  of  the  interferogram  is  reduced. 

If  we  choose  a  position  of  the  detector  such  that  no  light  of  the  flrat  order  of  the  highest 
frequency  will  be  detected,  the  lower  fiequenoies  will  as  well  not  arrive  at  the  detector.  Rectangular 
shaped  reflectors  diffract  the  first  order  to  both  sides  of  the  zero  order,  square  shaped  reflectors 
diffract  the  first  order  into  two  dimensions. 

A  ring  interferometer  consists  of  two  sets  of  interpenetrating  rings,  each  ring  having  the 
same  area.  The  incident  light  is  reflected  and  diffracted  and  an  optical  path  difference  may  be 
introduced  by  setting  the  two  sets  of  reflecting  rings  at  certain  distances.  For  normal  incident 
monochromatic  light,  for  constructive  intrrfererKe,  ail  (he  light  is  reflected  backwards.  For 
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destmctive  Interference,  the  light  is  diffmcted  into  various  angles  away  from  the  nornial,  and  we  do 
not  have  a  single  direction  for  the  "fltst*  order. 

DECREASING  DISTANCE  BETWEEN  SOURCE  POINTS 


PHASE  DIFFERENCES  ARE 
NOTBQUAL 

SUPERPOSnON  WILL  NOT  ADD 
UP  IN  A  CONSTRUCTIVE  WAY 


For  a  braod  band  input  and  destructive  interference,  the  highest  frequency  is  now 
distributed  over  an  angle  range,  and  similarly  for  alt  lower  frequencies.  If  we  may  admit  a  certain 
fraction  of  the  first  order  light  on  the  detector,  but  still  get  an  interferogmm  with  suffloient 
modulation,  we  may  use  a  much  larger  ftequnoy  range  than  is  possible  with  the  lamellar  grating, 

Black  oody  radiation  is  decreasing  to  longer  wavelength  in  such  a  way  that  we  have  ab^t 
a  decrease  of  the  intensity  of  1/8  for  each  octave,  that  is,  if  the  intensity  at  200  om*^  is  1 ,  it  is  at 
100  om'^  only  .  12.  We  may  use  entrance  ind  ertit  apertures  of  dismetem  d  to  block  off  the  first 
order  of  frequency  v.  All  higher  fitequcnoies  will  have  an  increasing  amount  of  their  fltat  order 
falling  onto  the  detector  and  will  be  leas  and  leas  containted  in  the  interferogram  and  the  spectrum, 
that  is  the  spectrum  will  decrease  to  higher  frequencies.  It  will  as  well  deacrease  to  lower 
frequencies  because  the  light  will  be  leas  intense.  Depending  on  d  we  may  study  a  fhsquenoy  range 
from  the  lower  frequency  v  j  to  the  higher  vg ,  where  V}  is  determined  by  the  amount  of  the 
intensity  which  may  be  detected  with  the  aperture  d,  and  vg  b  determined  by  the  amount  of  first 
order  light  not  shielded  off  by  the  aperture  d.  We  may  do  thb  procedure  over  a  large  wavelength 
range  and  need  no  low  pass  Alters,  making  the  ting  interferometer  a  very  flexible  Instrument  for 
the  choice  of  the  wavelength  range  to  be  studied.  However,  using  low  pass  Alters,  will  make  it 
possible  to  use  a  larger  detector  and  increase  the  throughput. 

A  four  ring  interferometer  has  been  successAilly  constructed  at  the  Technlsche  Univendtat 
Aachen  and  10  ring  interferometers  are  under  consUuotion  at  NJIT  and  K.U.l«uven. 

K.  D.  Moeller:  Wavefront  dividing  interferomotem,  Infrared  Physics,  32, 321  (1991). 
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ABSTRACT 

A  far  infrared  Michelson  interferometer  which  includes  a  laser  fringe  sampling  channel  and  a  hydraulic 
piston  to  move  one  of  the  mirrors  linearly  has  been  developed.  A  maximum  resolution  of  0.08  cm'^  can  be  obtained 
with  the  present  length  of  the  piston.  The  buffered  analogue>to*dlgitBl  converter  unit  allows  the  interferogram 
points  to  be  transferred  in  blocltf  to  a  storage  device  while  the  mirror  is  travelling.  Ibe  instrument  has  been  used 
to  detect  weak  absorption  bands  due  to  water  vapour  believed  to  be  either  adsorbed  onto  or  trapped  in  the  film 
of  chemically  modified  epoxidised  natural  rubber. 

INSTRUMENTATION 

The  Fourier  spectrometer  that  has  been  constructed  uses  an  internal  laser  fringe  sampling  technique  and  a 
pneumatically  driven  hydraulic  pls^..'  to  move  one  of  the  mirrors  mounted  on  a  precision  linear  slide.  The 
maximum  stroke  length  of  the  prei  •  t  ilston  Is  12.5  cov.  This  corresponds  to  an  output  spectral  resolution  of 
approximately  0.08  cm*^.  The  laser  sampling  chaimel  provides  a  precise  and  continuous  calibration  of  the 
sampling  position.  By  measuring  the  stability  of  the  laser  fringes  with  an  accurate  timebase  the  sampling 
Interval  has  been  determined  with  an  uncertainty  of  about  5  nm.  The  moving  mirror  mechanism  is  basically 
Identical  to  the  one  developed  previously^  A  Pfund  focussing  system  at  the  output  port  allows  samples  as  small 
as  3  mm  in  diameter  to  be  studied  by  either  transmission  or  reflection  spectroscopy. 

The  data  processing  system  that  has  been  developed  uses  a  commercially  available^  12-bit  buffered 
analogue-to-dlgltal  converter  (ADC)  unit.  A  high  speed  clock  module  enables  the  ADC  to  accumulate  digitised 
signal  first  in  d\e  buffer  and  they  can  then  be  read  later  by  the  computer  when  it  is  convenient.  By  calling  a 
unique  secondary  address  of  the  ADC  using  high  speed  data  collection  software,  the  interferogram  points  can  be 
transferred  directly  in  blocks  to  a  disc  via  IBBE  bus  lines  while  a  scan  is  in  progress.  Bach  block  consists  of  12,000 
integers  with  2-byte  format.  The  buffer  size  is  64  kbytes  and  the  typical  conversion  time  using  the  external 
trigger  derived  from  the  laser  fringes  is  40  p.s.  Since  the  speed  of  the  scan  is  only  about  500  laser  fringes  per 
second  the  conversion  takes  place  safely.  The  Infrared  signal  is  sampled  at  every  laser  fringe  so  that  a  reference 
point  used  in  co-adding  a  set  of  interferograms  can  be  identified  more  precisely.  The  movement  of  data  within 
the  buffer  follows  the  first-ln-first-out  protocol  and  thus  assures  the  continuity  of  the  interferogram.  The  flow  of 
data  and  control  signals  in  the  system  is  shown  schematlcaily  in  figure  1.  Tha  TTL  trigger  pulse  is  used  to  control 
the  piston  either  to  move  or  to  stop.  In  addition,  a  Pascal  compiler'*  with  a  DOS  extender  for  a  486-based 
personal  computer  is  used  which  can  store  data  in  a  very  large  number  of  arrays.  Prior  to  Fourier  transformation, 
the  2‘byte  integers  are  first  converted  into  4-byte  format  since  the  compiler  only  accepts  4-byte  Integers. 
Typically,  an  ?FT  of  about  300,000  Interferogram  points  (2***  points  inclusive  of  zero  smoothing)  takes  about  20 
seconds. 


DISCUSSIONS 

Various  proportions  of  epoxidised  natural  rubber  (ENR)  have  been  synthesized  by  methods  that  are  well- 
documented  in  the  literature^,  i,e.  by  oxidation  of  natural  rubber  with  m-chloroperbenzolc  acid.  Dark  brown, 
shining  and  uneven  brittle  solid  films  were  obtained.  The  thin  solid  film  of  the  chemically  modified  ENR  was 
mounted  at  the  focus  of  the  beam  position.  The  transmitted  interferogram  was  recorded  using  a  Golay  detector 
with  a  Csl  window.  Figure  2  shows  the  spectrum  of  an  ENR  sample  obtained  after  ratlolng  against  a  background 
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Spectrum  for  an  evacuated  spectrometer.  The  spectrum  gives  a  very  broad  and  distinct  band  in  the  region  of  335 
cm'^  which  corresponds  to  the  bending  of  the  carbon-carbon<hlorine  bonds.  It  however  did  not  show  any  notable 
bands  from  430  to  480  cm'^  thus  indicating  the  absence  of  carbon-tin  stretching.  Tfiese  early  findings  are 
preliminary  and  should  be  complimented  with  other  spectroscopic  techniques  to  ascertain  the  reaction  products. 
Apparently  this  is  the  first  time  this  reaction  has  been  carried  out.  Weak  absorption  bands  due  to  water  vapour 
which  may  have  been  either  adsorbed  onto  or  trapped  inside  the  polymer  during  the  chemical  reaction  are 
clearly  visible.  The  absorption  lines  were  compared  with  the  water  vapour  bands  listed  by  Rao  et  al  No  shift 
has  been  observed  in  any  of  the  lines  thus  Indicating  the  polymer  does  not  seem  to  alter  the  vibrational 
properties  of  the  water  vapour  molecules. 


The  light  from  the  He-Ne  laser  used  in  the  sampling  channel  is  not  truly  monochromatic.  This  limits  the 
length  of  the  interferogram  that  can  be  sampled  In  the  present  setup,  it  is  possible  to  increase  the  spectral 
resolution  of  the  instrument  by  using  a  monomode  laser  and  a  piston  wl^  a  longer  travel. 


Figure  1;  Block  diagram  showing  the  flow  of 
data  and  signals  between  the  Interferometer, 
IEEE  device  box  and  the  desktop  computer. 


Figure  2:  Spectrum  of  ENR  sample  ratioed 
against  background  spectnun  for  evacuated 
spectrometer  with  a  resolution  of  about  0.1  cm-i 
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ABSTRACT 

The  mini-computer  and  control  electronics  of  a  Bruker  113v  Fourier  Transform  spectrometer 
(FTS),  capable  of  0.03cm‘i  resolution  for  frequencies  up  to  4000cm*  i,  have  been  replaced  by  an 
inexpensive  IBM-PC  486-based  system,  llie  original  peiformance  is  exceeded.  JCAMP-DX  standard 
is  used  for  data  exchange.  The  system  can  be  adapted  to  any  FTS  or  similar  dme-domain  instrument. 

1.  INTRODUCTION 

We  have  replaced  the  data  acquisition  system  and  the  control  electronics  of  a  Bruker  1 13v  FTS 
with  a  "state-of-the-art"  system  based  on  an  IBM-PC  486  computer.  With  relatively  little 
modification,  our  system  could  be  used  to  control  other  spectrometers  or  other  instruments  where 
high-speed,  high-resolution  data  collection  is  required  together  with  full  instrumental  control.  The 
optical  and  mechanical  components,  even  the  fundamental  design  of  maiw  instruments  have  a  much 
longer  lifetime  than  the  electronic  control  and  data  acquisition  systems.  This  should  make  this  report 
of  interest  to  those  operating  instruments  which  are  more  than  s-years  old.  Our  system  uses  modem 
LSI  components,  it  has  a  high  degree  of  sophistication,  it  is  considerably  reduced  in  size  and  more 
reliable  than  older  systems. 

2,  DATA  ACQUISITION  SYSTEM  AND  CONTROL  ELECTRONICS 

Central  to  the  design  is  a  local  Instrument  bus  which  is  controlled  by  a  microprocessor.  All 
control  and  data  collection  is  from  a  PC  which  is  interfaced  to  the  local  bus  by  a  RS232  link, 
communication  being  in  standard  ASCII  strings.  The  operator  can  also  control  the  instrumental 
settings  firom  a  switch  box  so  that  he  can  carry  out  operations  such  as  alignment  of  the  optics  without 
running  the  full  prommme.  A  modular  design  is  used  for  the  electronics  which  controls  settings  of 
the  interferometer  (e.g.  beam-splitter  selection).  Each  module  is  a  "euro-card"  housed  in  a  double 
height  card  frame  with  the  power  supply  occupying  the  lower  half.  A  detailed  description  of  the 
electronics,  which  involves  the  use  or  both  analogue  and  digital  techniques,  is  beyond  tne  scope  of 
this  report.  The  complete  set-up  is  shown  in  Fig  1. 

3.  SOFTWARE 

The  package,  which  is  transparent  and  easy  to  use,  consists  of  a  suite  of  modules  used  as  a 
foundation  for  a  high  level  language  program  (Pascal)  which  allows  the  capture,  manipulation  and 
storage  of  the  data  .  The  requirement  of  the  program  was  to  use  a  Id-bft  ADC  card  capable  of 
sampling  at  4(X)kHz  and  to  be  able  to  sample  up  to  j  million  data  points;  this  meant  that  the  input 

buffer  would  need  to  be  jMB  in  size  due  to  each  data  point  being  a  16-bit  value.  Also,  it  was  required 

that  successive  additions  of  each  scan  would  not  be  averaged.  To  do  this,  the  storage  buffer  needed  to 
hold  the  data  points  as  32-bit  values,  allowing  a  guaranteed  maximum  of  65537  scans  to  be  added 
before  the  risk  of  overflow  occurred.  Thus  the  storage  buffer  needed  to  be  1MB  in  size  for  sampling 
the  maximum  number  of  data  points;  the  total  amount  of  memory  required  to  provide  the  input  and 
storage  buffers  is  1.5MB. 
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Figl,  The  Bruker  113v  with  the  new  data  acquisition  system  and  controi  electronics, 

With  a  high  data  acquisition  rate,  problems  with  information  storage  are  encountered  which 
require  the  fast  and  efficient  manipulation  of  large  blocks  of  memory.  With  MS-DOS  the  familiar 
problems  of  accessing  large  bloclcs  of  data  arise.  Using  "conventional"  memory  ^40kB)  it  is 
impossible  to  allocate  sufficient  space  for  high-speed  data  acquisition.  Using  the  DOS  Protected 
Mode  Interface  (DPMI)  specification  solves  the  pmblem  but  requires  extensive  familiarity  with  the 
protected  addressing  modes  of  the  286  and  386  microprocessors.  It  was  necessaiv  to  make  use  of 
extensive  machine  language  modules  to  use  the  properties  of  DPMI  from  within  DOS. 

Another  problem  encountered  with  the  80x86  family  of  processors  is  the  "segmentation" 
approach  to  memory  access.  Access  to  the  64kB  segments  is  enabled  by  the  segment  and  offset 
registers.  Manipulating  these  registers  can  introduce  delays  resulting  in  the  loss  of  data  at  high 
acouisitlon  speeds.  It  was  decided  that  the  use  of  DMA  was  unsuitable,  so  for  data  retrieval  the 
technique  of  "pulling"  a  "data  ready"  flag  fiom  within  a  tight  assembly  language  loop  was  used. 

MS-Windows  V3,l  was  chosen  as  the  operating  environment  due  to  its  built-in  DPMI 
capabilities.  With  the  appropriate  extensions,  the  allocation  and  manipulation  of  32-blt  memory 
blocks  is  allowed.  This  solves  the  problem  of  segmentation  and  allows  for  memory  blocks  of  up  to 
16MB  to  be  used. 

Unfortunately  Bruker  do  not  provide  an  fast  FT  facility  as  part  of  their  software  packa^ 
preferring  to  carry  out  the  FT  using  a  separate  transputer-processor.  We  elected  to  perform  the  1^ 
using  Matlab  V4.0  on  a  separate  computer  networked  to  our  system  (Very  recently  we  have 
received  Matlab  V4.0  to  run  on  the  486  which  should  lead  to  a  considerable  simplification).  Spectral 
manipulation  is  carried  out  using  the  Bruker  OPUS  VI. 4  software. 

4.  TESTING  THE  SYSTEM 

A  range  of  simulated  test  verifled  that  data  could  be  collected  at  the  desired  speed  for  full  resolution  of 
the  ADC  card.  Absorbance  spectra  of  gases  recorded  at  0.03cm‘I  resolution  show  that  the  system 
performs  to  full  speciHcation  over  the  spectral  range  23  to  4000cm' ^ 
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In  this  paper  the  experimental  analysis  of  plasmas  suitable  for  thin  film  deposition  using  a  high 
resolution  mm>wave  spectrometer  is  reported. 

Low  pressure  plasma  deposition  techniques  can  be  used  to  prepare  thin  solid  films  from  various 
materials.  One  class  of  these  materials  Is  the  class  of  diamond  and  diamond-like  carbon  films  which 
may  be  used  e.g.  as  surface  coatings  or  as  potential  raw  material  for  a  'diamond  electronic* 

However,  the  preparation  of  diamond  films  is  difficult  because  there  are  many  parameters  to  be 
controlled.  Whether  a  thin  carbon  film  is  going  to  become  diamond  or  amorphous  carbon,  depends 
mainly  on  the  composition  of  the  particle  stream  incident  onto  the  top  layer  of  the  growing  film  as  a 
result  of  chemical  gas  phase  reactions  near  the  substrate  surface. 

In  the  course  of  the  years  it  appeared  to  be  a  problem  to  get  direct  information  about  the  true 
composition  of  the  'active  zone'  of  a  plasma  deposition  system  at  a  molecular  level,  e.g.  that  mass 
spectroscopy  is  not  capable  of  detection  of  transient  and  short  living  species  in  real  deposition  systems, 
Although  optical  methods  are  sensitive,  their  application  is  limited  because  of  strong  interferences  of 
signals  of  different  species.  When  using  laser  absorption  methods  the  problem  of  selectivity  vanishes 
but  the  problem  of  frequency  tuning  over  a  wide  range  arises.  Moreover,  a  plasma  is  a  very  harsh 
environment  and  so  the  number  of  suitable  analytical  methods  is  limited. 

Therefore  the  method  of  choice  should  meet  the  following  requirements: 

•  It  should  be  highly  sensitive  because  of  the  low  concentration  of  species  occuring  in  a  plasma. 
(Absorption  lines  with  absorption  coefficients  less  than  lO'^cm*^  to  lO'^^cm'^  should  be 
detectable.) 

•  In  order  to  guarantee  a  high  selectivity  it  should  have  a  high  spectral  resolution.  (Of  the  order  of 
the  Doppler  width  of  an  absorption  line,  so  that  the  line  shape  can  be  resolved.) 

•  The  frequency  should  be  tunable  over  a  wide  range  to  cover  as  many  absorption  lines  as  possible 
and  thus  absorption  lines  of  different  species. 

One  possible  choice  is  microwave  spectroscopy. 

During  the  last  years  new  substantially  Improved  types  of  high  resolution  and  high  sensitive  microwave 
spectrometers  have  become  available.  The  spectrometer  applied  to  our  experiments  uses  the  effect  of 
coherent  spontaneous  radiation  (CSR),  which  is  re-emitted  from  the  gas  or  plasma  under  investigation 
after  its  excitation  by  means  of  a  microwave  radiation  impulse  of  tinite  duration.  The  frequency  is 
synthesizer  controlled  and  can  be  tuned  to  any  frequency  between  37GHz  and  178GHz.  The  lowest 
detectable  absorption  coefficient  is  well  less  than  lO'^cm'^  (Vailld  for  standard  conditions  only; 
transmitter  output  power  lOmW,  length  of  the  wave  guide  absorption  cell  Im,  Integration  time  per 
frequency  point  Is  and  gas  pressure  lO'^Pa.).  The  spectral  resolution  is  of  the  order  of  Doppler 
broadening.  The  spectrometer  dessign  allows  to  track  time  dependent  processes  in  the  plasma  with  time 
constants  of  the  order  of  10/48. 


431 


W7,4 


The  CSR-spectrometer  has  been  fitted  to  a  vacuum  deposition  system.  The  path  length  through  the 

Jiasma  amounts  to  50cm.  The  partial  pressure  of  the  two  hydrocarbon  gases  in  use  was  kept  below  10' 
Pa.  Although  the  mm-waves  were  not  transmitted  by  a  wave  guide  absorption  cell  but  in  free  space 
between  two  gain  horn  antennas,  the  sensitiviy  is  hold  at  a  reasonable  high  level.  Two  hydrocarbons 
(methanol,  ethanol)  have  been  used  for  the  experiments.  Table  1  and  2  show  first  results  obtained  from 
these  experiments.  Already  identified  radicals  and  their  corresponding  absoption  lines  are  tabulated. 
Beside  of  these  lines  a  couple  of  other  but  still  not  identified  lines  have  been  observed. 


Table  1.  Radicals  detected  in  the  ethanol 
plasma 


Radical 

Frequency  (MHz) 

CH2 

68380.9 

69007.8 

70678.6 
70679.5 

70680.7 

C-iH 

76199.2 

CH-iO 

72409.3 

72838.1 

CHiOH 

76509.7 

C2H2O 

CH3CHO 

CH3OCH3 

73465.5 

7.3468.7 

nm.t 

72681.4 

Table  2.  Radicals  detected  in  the  methanol 
plasma 


Radical 

Frequency  (MHz) 

CH2 

69007.8 

70680.7 

76199.2 

CH2O 

C0H7O 

60625.7 

CH-tCHO 

76866.4 
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B.Komlyama  and  H.Shlmakago 

Communications  Research  Laboratory 
Iwaoka  Kobe  674,  JAPAN 


Abstract  An  open  resonator  with  a  Nb 
concave  mirror  has  been  developed  for 
surface  resistance  measurements  of 
hlffh-Tc  superconducting  materials  at 
100  GHz  band. Temperature  of  a 
superconductlnff  sample  can  be  varied 
from  4.2  K  to  at  least  80  K  with 
keeping  temperature  of  the  Nb  mirror 
at  4.2  K.  Frequency  and  temperature 
dependencies  of  Q  were  measured  for  a 
Nb  thin  film  to  check  the  resonator 
performance. 

Introduction 

Application  of  hlgh-Tc 

superconductors  (HTS's)  to  millimeter 
wave  circuits  appear  to  be  very 
promising.  For  such  application, 
surface  resistance  of  materials 
becomes  one  of  the  most  Important 
parameters. 

An  open  resonator  technique  has 
several  advantages  for  millimeter  wave 
surface  resistance  measurements,  where 
a  superconducting  sample  is  used  as  a 
plane  mirror  of  a  semlconfocal  type 
resonator  [1].  Surface  resistance  can 
be  calculated  from  quality  factor  Q  of 
the  resonator.  With  refinement  of  HTS 
thin  film  quality,  Improvement  of 
measurement 

sensitivity  of  surface  resistance  is 
required.  Surface  resistance  of  r 
concave  mirror  of  the  resonator  11ml' 
the  sensitivity  in  this  technique, 
diffraction  loss  is  negligible  small. 

We  report  here  the  development  of 
a  open  resonator  with  a  Nb  concave 
mirror  for  surface  resistance 
measurements  of  HTS  thin  films  at  100 
GHz  band  and  describe  preliminary 
experimental  results. 

Resonator  Structure 

The  transmission  type  resonator 
fabricated  Is  shown  In  Flg.l.  The 
concave  mirror  was  machined  from  a 
solid  rod  of  Nb  and  polished  after 
machining.  The  coupling  of  microwave 
power  Into  and  out  of  the  resonator  Is 
done  via  two  small  holes  [2].  The 
resonator  Is  Immersed  In  liquid  helium 
after  evacuating.  A  superconducting 


sample  is  mounted  on  a  copper  block 
which  Is  connected  to  a  bottom  flange 
through  a  thin  stainless  steel  tube  to 
isolate  the  sample  thermally  from  the 
resonator  walls.  Temperature  of  the 
sample  Is  controlled  by  a  heater  and  a 
Si  sensor  attached  to  the  copper 
block.  The  diameter  and  radius  of 
curvature  of  the  Nb  mirror  are  46  mm 
and  80  mm,  respectively.  The  distance 
between  the  concave  and  plane  mirror 
is  about  52  mm. 

The  surface  resistance  of  the 
sample  can  be  determined  from  the 
measurement  of  the  resonator  Q  of  the 
fundamental  TEMoo  mode.  The  unloaded 
Q.  Qo  Is 

Qo-A/(R,o+aR..)  (1) 

where  R.e  and  R,.  are  surface 
resistances  of  the  Nb  mirror  and  the 
sample,  respectively  and  A  and  a  are 
constants  depending  on  the  resonator 
size.  Here,  we  neglect  diffraction 
loss  of  the  resonator. 

Experiment 

We  Kave  measured  frequency  and 
temperature  dependencies  of  Q's  to 
check  the  resonator  performance  using 
a  Nb  thin  film  ,  A  0  dBm  W-band 
frequency  multiplier  was  used  to 
measure  Q’s  [2].  The  Nb  film  was 
deposited  on  a  SI  substrate  by  rf 
magnetron  sputtering.  Tc  and 
thickness  of  the  film  were  8.0  K  and 
500  nm,  respectively.  Frequency 
dependencies  of  Q  at  4.2  K  and  room 
temperature  are  shown  In  Fig. 2. 
Oscillations  are  observed  for  both 
temperatures,  which  Is  probably 
caused  by  unexpected  reflections 
Inside  the  resonator.  The  diameter  of 
the  sample  is  25  mm  and  the 
diffraction  limited  Q  calculated  Is 
more  than  an  order  of  magnitude  higher 
than  measured  values.  From  the  Q  value 
at  89.4  GHz  and  4.2  K  in  Fig. 2, 
Rac-49  mn  is  obtained  by  assuming 
Rao^R**  in  eq.(l),  which  Is  about  an 
order  of  magnitude  larger  than  the 
estimated  value  by  f*  law  from  typical 
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values  at  X-band  for  bulk  Nb. 
Temperature  depenency  of  Q  measured  at 
89.4  GH^  Is  shown  In  Fig. 3,  Rapid 
decrease  In  Q  Is  observed  around  8.0 
K,  which  Implies  that  the  SI  sensor 
Indicate  cor»'ect  temperature  of  the 
sample.  No  transition  of  the  Nb 
concave  mirror  was  observed  at  least 
up  to  the  sample  temperature  of  80  K. 

Conclusion 

Tfie  Too  GHz  open  resonator  with 
the  Nb  concave  mirror  has  been 
developed  In  order  to  measure  surface 
impedance  of  HTS  films  with  improved 
measurement  sensitivity.  It  has  been 
shown  that  surface  resistances  of 
samples  can  be  measured  over  a  broad 
range  of  temperatures,  The  expected 
decrease  In  R.o,  however,  has  not  been 
obtained. 
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Fig. 2.  Frequency  dependence  of  the 
unloaded  Q  for  a  Nb  thin  film  at  4.2K 
and  room  temperature. 


1. Nb  concave 
mirror 

2.  Plane  mirror 

3.  Wave  guide 

4. Cu  block 

6 .Thermometer 
7. Stainless 
steel  tube 

8 . Feedthrough 

9 . Vacuum 


—  9 


Flg.l.  Open  resonator  for  surface  Fig. 3.  Temperature  dependence  of  the 
resistance  measurements  of  HTS  films.  unloaded  Q  for  a  Nb  thin  film  at  80.4 

GHz. 
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A  New  method  for  complex  spectral  measurements  in  millimeter  and  submiUlmeter  frequency  range 

Latyshev  A.B.,  Louklanov  D.A.,  Semenov  A.V. 

General  Physics  Institute,  Russian  Academy  of  Science,  117942,  Moscow,  Russia 

ABSTRACT 

New  method  for  measuring  complex  transmission  or  reflection  coefficients  has  been  proposed  and  demonstrated 
using  a  simple  setup.  High  measurement  quality  was  acUeved:  phase  sensitivity  '**  0.005  rad.,  amplitude  reprodu- 
ceablllty  -'1  %,  dynamic  range  to  -10  ^  (previously  10  ^),  phase  shift  range  10  ^  It  is  effective  for  BWO-SpMtros> 
copy  due  to  the  absence  of  any  mechanical  adjustments  during  electronic  frequency  scan. 

IIMI&QDUCTIQN 

This  method  Is  developed  primarily  for  application  In  the  BWO-Spectroscopy  of  mlUlmeter  and  submiUlmeter  fre* 
quency  range  \  but  In  principle  It  may  be  useful  for  other  applications.  BWO-Spectroscopy  is  monochromatic 
spectroscopy  with  the  Backward-Wave-Tube-Oscillator  (BWO)  as  a  source  of  radiation.  The  most  attractive  feature 
of  the  BWO  is  electronic  frequency  scanning. 

The  BWO-Spectroscopy  has  been  greatly  developed  during  last  several  decades  mostly  In  Russia.  The  modem 
BWO-Specrometer  Is  a  computer  controUed  Instrument  with  the  possibility  to  get  frequency  dependences  of  com¬ 
plex  transmluion  or  reflection  factors  with  high  level  of  automation  of  measurement.  The  most  popular  measure¬ 
ment  routine  for  such  spectrometer  consists  in  squiring  the  wlmle  complex  spectrum  by  two  non-equivalent  steps; 
the  measurment  of  amplitude  and  phase  spectra  of  the  object  \  The  quasloptical  scheme  of  such  spectrometer  com¬ 
prise  a  two-beam  interferometer,  but  during  amplitude  spectra  measurements  It  is  not  used,  therefore  the  dynamic 
range  of  measurements  is  limited.  The  phase  shifts  are  measured  by  so-called  "compensation  method";  it  means, 
that  some  precise  feedback  electro-meclunlc  system  compensates  the  necessary  path  difference  In  the  Interfe¬ 
rometer  during  frequency  scan.  It  makes  the  registration  time  of  phase  spectra  longer  then  that  for  intensity,  and 
reduces  the  accuracy  of  phase  measurements  and  limits  the  range  of  phase  to  be  measured. 

There  Is  another  design  of  BWO-spectrameter,  which  enables  whole  complex  spec^  measurement  without  any 
precise  mechanic  displacement  of  quasloptlc  elements  during  frequency  scan  ",  The  process  of  getting  of  com¬ 

plex  spectrum  consists  of  two  steps,  each  technically  equivalent  to  the  registration  of  amplitude  spectrum.  The 
usage  of  this  method  improves  the  main  parameters  of  complex  spectra:  accuracy,  time  of  work,  simplicity  etc. 

1  ne  new  method  is  the  modification  of  but  with  expanded  dynamic  range.  That  means  the  capability  to  measure 
the  samples  with  very  small  transmission  or  reflection  as  well  as  samples  with  great  variation  of  above  facton  dur¬ 
ing  frequency  scan.  This  effect  is  achieved  primarily  by  inserting  the  modulator  into  the  interferometer. 

3.  DEMONSTRATION 

Hereafter  the  series  of  complex  spectra,  which  demonstrate  this  method  is  shown.  The  potential  of  this  method  is 
even  higher  then  demonstrated  here  because  the  spectrometer  was  not  built  specially,  but  only  slightly  modified 
for  its  implementation. 

In  Fig.  1  the  complex  transmission  spectrum  (in  polar  coordinates:  am¬ 
plitude  and  phase)  of  lOmkm  thick  mylar-film  is  shown.  This  spectrum 
demonstrates  the  phase  sensitivity  of  the  method.  One  can  see,  that  this 
method  easily  regUtrates  not  only  mean  value  of  the  phase  shifts  in 
mylar  film  (3  degr.) ,  but  also  its  monotonic  slope  of  0.5  degr.  for  fre¬ 
quency  span  of  20%.  The  RMS  deviation  of  phiwe  shift  from  the  linear  is 
aproximately  0.5  degr.  The  sensitivity  achieved  Is  10  times  better  then 
that  for  ",  but  not  as  good  as  for  *  and  is  neariy  same  u  for  * 
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In  Fig.2  and  3  the  complex  transmisalon  of  28.5  mm  thick  glau 
plate  la  plotted.  Fig.2  shows  Cartesian  real  and  imaginary  parts  of 
the  complex  transmission  vs  frequency.  Nearly  the  same  values 
were  measured  directly  by  this  method.  Fig.  3  shows  the  same 
spectrum  in  more  usual  polar  coordinates.  The  goal  of  these  plots  Is 
the  demonstration  both  the  expanded  dynamic  range  (small  trans¬ 
mission)  and  large  phase  shift  measurement  capability.  The  phase 
is  changed  over  2500  degr.  (7  full  turns)  during  frequency  san, 
yet  not  reaching  any  limit  of  the  method.  The  principal  restriction 
is  only  the  nionochromaclty  of  the  source  (100.000  nulian).  The 
phase  dependence  Is  not  limited  to  monotonic.  The  maximum 
measurable  phase  ranae  in  new  method  is  10^  times  better  then  in 
10^  then  methods  '  ^  and  same  as 

Fig.  2-3  proves  that  j^hls  meth^  is  applicable  for  the  transmission 
factors  down  to  10  while  ^  \  ^failed  to  measure  the  trans¬ 
mission  factors  less  then  10  with  the  same  BWO  and  receivers 
(not  cooled) .  so  this  sample  is  "opaque”  for  these  methods.  The 
real  improvement  is  approximately  3  orden  of  transmission  fector. 

The  capability  to  measure  samples  with  large  transmission  con¬ 
trast  during  single  frequency  scan  is  demonstrated  by  the  trans¬ 
mission  curves  of  Fabri-Perot  resonator  (Fig.  4).  Resonator's  two 
mirrors  are  10  mkm  thick  metallsed  mylar  films  with  power  trans¬ 
mission  of  0.0035  and  0.005.  Thus  power  transmiulon  contrut  is 
greater  then  100,  yet  not  at  the  limit  of  this  method.  It  is  possible 
to  measure  the  sp^ra  even  with  the  contrast  of  10,000.000  (we 
have  not  such  samples).  This  feature  is  1000  times  enhanced  over 
100,000  times  over  ^  •  .  The  method  *  is  capable  to  measure 

the  spectra  with  contrast  more  than  100,  but  fails  to  measure  a 
sample,  shown  on  the  Fig.  4. 

■4.  SUMMARY 

The  described  method  is  unique  not  only  for  separate  features  (dy¬ 
namic  range,  etc.)  but  also  for  the  total  combination.  This  method 
essentially  exceeds  the  most  popular  compenaatlon  method  *  by 
all  basic  parameters.  It  can  be  successfully  Implemented  in  new 
spectrometers  and  other  devices  of  mlllimeter-IR  range. 
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SAAB  Military  Aircraft,  LinkOping  S-.S81  88,  Sweden 


ABSTRACT 

The  unit  consisted  of  a  resistive  head,  horn  antenna  and  muichud  load  has  been  used  to  measure  high  microwuvcpul.se 
power  density  in  a  free  space.  Experiments  were  curried  out  in  S-,  X-  and  Q-band  at  a  frequency  2.75, 0.2  and  .34.2  OH/„ 
rc.specilvcly.  It  was  established  that  with  a  help  of  such  unit  microwave  pulse  power  density  up  to  a  few  hundreds  of  kW 
per  m^  can  be  measured. 


1.  INTRODUCTION 

On  the  one  hand,  high  fre(|uency  strong  electromagnetic  field  beaimes  inalienable  part  of  environment,  since 
radiolocation  and  telecommunication  systems  are  continuously  growing  up  in  the  world.  On  the  other  hand,  it  was 
proposed  to  use  microwaves  (mw)  a.<i  a  directed  energy  weapotis  against  ela'tronic  systems.  Thus,  in  order  to  increase 
rellabilityof  the  electronic  equipment  used  in  the  aircraft  and  satellites  testing  of  this  equipment  for  mw  radiation  has 
to  be  performed.  For  this  purpose  short  high  power  mw  pulses  are  usually  used.  Therefore  for  mw  power  ct)ntrol  the 
problem  of  great  importance  is  to  develop  sensors  which  will  be  able  to  measure  high  power  mw  pulses  in  a  free  space. 

2.  EXPERIMENTAL  SETUP 

To  perform  mw  power  density  measurements  in  a  lice  space  wc  have  developed  resistive  heads  where  a  resistive  sensor' 
was  used  as  a  sensitive  clement.  The  resistive  sensor  was  mounted  In  the  waveguide  and  was  also  connected  Into  DC 
circuit  together  with  a  currotit  .source.  When  mw  pul.se  reaches  the  sensor,  electrons  are  heated^  by  mw  electric  field  and 
the  resistance  of  the  $en.sor  increases.  Being  appeared  in  DC  circuit  voltage  pulse  was  amplified  5-6  times  by  properly 
shielded  preamplll'ior.  Maximum  output  signal  was  It)  V.  Three  power  heads  being  able  to  detect  mw  pulse  power  up  to 
1(K)  kW,  5  k W  and  2  kW  in  S-,  X-  und  Q-band  wiiv'cgtiide,  respectively,  were  designed.  Voltage  standing  wave  ratio  was 
less  than  1.2  for  Q-hand  head  und  less  thuti  1.1  at  lower  l'rcH|ucncy  bands.  Horn  anicnnn  was  employed  to  generate  the 
electromagnetic  field  In  a  free  space.  Analogous  horn  antenna  connected  to  the  power  head  together  with  the  matched 
load  selves  as  inw  power  density  detector.  Mw  pulse  duration  was  2  ps,  repetition  rate  was  12.5  H/  and  muxiinum 
available  mw  pulse  power  was  10()  kW,  50  kW  and  2  kW  in  S-,  X-  and  Q-band  at  a  frequency  2.75, 9.2  und  .34.2  OH/.. 
Horns  with  cross-sectional  area  0.106, 0.0121  and  9.9‘|0''  m-  were  employed. 

.3.  EXPERIMENTAL  RESULTS 

Ifji  longitaclinalaxls  of  the  horn  antenna  is  supposed  to  be  adjusted  parallel  to  inw  power  llux,  mw  power  gctling  into 
wavoguldc  P  will  be  obtained  from  simple  geomclrlcul  consideration 

F-K'VnS.  (>) 
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where  Wf  is  a  mw  power  (low  density  (Poiinlin^s  vector)  in  u  free  space,  p  is  the  erricicncy  and  S  is  a  cross-sectional 
area  or  the  horn  antenna.  We  have  measured  mw  pulse  power  P  gettinj;  Into  waveguide  when  the  receiving  horn  antenna 
is  situated  at  some  distance  L  from  the  transmitting  one.  Then  assuming  that  the  efficiency  of  the  horn  antenna t) -I 
and  making  use  of  expression  (1)  the  mw  pov'cr  density  in  a  free  space  has  been  determined. 


NORMALIZED  DISTANCE,  L/X 


Fij,.  1.  Microwave  pulse  power  density  dependence  on  the  normiilizod  distance  between  horn  antenna.  Ti  langles,  circles 
and  stiuares  correspond  to  S-,  X-  uiid  Q-band,  respectively. 


Experimentally  determined  mw  pulse  power  density  dependencies  on  the  distance  normuli/.od  to  wave  length  for  all 
fre<|iicncics  are  shown  in  Fig.  I.  It  is  seen  that  at  a  small  distance  (L<  10  \)  standing  wave  between  horn  antennas  is 

observed,  As  it  could  be  expected,  we  get  that  at  greater  distance  pulse  power  density  decreases  as  I*.  There  is  no  doubt 
that  the  efficiency  of  the  horn  antenna  is  lower  than  unity  and  this  fact  has  to  be  taken  into  account  if  preci.se 
measurement  of  is  attempted.  Switchingoff  DC)  supply  of  the  resistive  sensor  we  had  an  opportunity  to  cheek  up  the 
value  of  parasitic  signal.  Our  InvcstigHtionshowud  that  in  the  w'orst  case  the  parasliie  signal  ranges  less  that  7'X  of  useful 
one. 

Concluding  It  has  to  be  pointed  out  that  high  level  pulse  power  density  in  a  free  space  has  been  measured  for  the  first 
time  making  use  of  resistive  head  connected  to  the  horn  antenna.  Our  Investigation  revealed  that  with  a  help  of  rcsi.s(ivc 
heads  mw  pulse  power  density  up  to  a  few  hundred  of  kW/m’  eiin  be  measured. 
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Th«  ntillimctar  wavas  powar  tranaducar. 
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Samiconductor  Physics  Institute,  Goitauto  11,  2600  Vilnius,  Lithuania 


ABSTRACT 

The  tranaducar,  basad  on  tha  hot  alaotrons  tarmo  atin.f.  in 
samioonduotors ,  for  CW  and  pulse  microwave  field  or  power  indication  and 
maasuramant  is  presented.  This  transducer  have  sensitivity  400-«-600  mV/W 
in  4-)-6  mm  wave  length  range  and  can  be  used  up  to  CW  powar  about  10  W. 

I I  IMTRQOtfCTIPM 

In  practice  it  is  important  to  know  microwava  pulse  form,  alaotrio 
field  strength  and  pulse  powar.  As  an  example  oan  be  tha  determination 
of  these  quantities,  whan  a  gas  plasma  is  heated  with  high  microwave 
power.  The  waves  frequency  is  choosing  the  same  as  ion-cyclotron  (20 
MHz)  or  electron-cyclotron  (2+8  GHz)  frequency. 

Since  the  reflection  of  power  from  gas  plasma  is  large,  the 
wattmeter,  witch  is  based  on  the  Hall  effect,  usefully  oan  be  used  for 
measuring  of  power,  absorbed  in  plasma.  Such  a  wattmeter  we  are 
constructed  for  eleotromagnatio  wave  with  18  m  length  together  with 
scientists  from  Atomio  energy  institute  of  Russian  Academy  of  Science. 
But  the  Hall  effect  oan  not  be  used  for  2+8  mm  waves,  because  the  wave 
length  is  very  small.  The  employment  of  microwave  detectors  with  p-n  or 
Shottky  junction  often  is  impossible  for  high  power  since  the  reading 
of  these  detectors  are  instability  and  they  are  sensitive  for  impulse 
interference. 

In  this  report  is  presented  the  transducer  witch  is  based  on 
volumetric  effect  of  the  hot  electrons  termo  e.f.m.  in  the  asymmetric 
doping  silicon  n'^-n-n'*'  junction  with  different  areas  of  n'*'-n  junctions. 

2.-.THE_mMCIPLE  OF  ACTION.  TECHMOLQGY  AND  A  MEASHRIHG  TECHNIQUE. 

The  principle  of  the  work  of  this  transducer  is  based  on  the 
e.m.f.,  witch  arise  in  above  mentioned  n^-n-n'*'  junction,  when  free 
charge  carriers  are  heated  in  homogeneous  isotropy  semiconductor  with 
high  asymmetric  inhomogeneous  electric  field^,  but  the  difference  is 
that  a  inhomogeneous  and  asymmetric  electric  field  was  formed  both 
asymmetric  doping  of  semiconductor  and  his  geometric  form^'^. 

The  transducer  was  prepared  from  the  n^-type  silicon  monoorystal 
with  10+28  Qom  specific  resistivity.  Plates  with  1  mm  thickness  was 
cuted  out  in  [111]  plana,  n***  area  on  the  one  side  of  plate  was  formed 
by  phosphor  diffusion  on  1  mm^  plane  and  on  another  side  -n''*  junction 
with  20  fm  diameter.  Tha  difference  of  doping  depth  was  formed  by 
different  time  of  heating.  On  n  areas  (Cr  Pd)  metals  were  coated  by 
evaporation  in  vacuum  and  later  on  (V  4-  Cu)  -  in  argon  atmosphere  at  T 
■  400*0.  These  planes  were  mounted  in  usual  microwave  detector  frames 
and  these  ware  placed  in  waveguide  detector  sections.  The  metallic  sonde 
was  pressed  to  small  n*^  area. 
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Trftnsducara  of  4  mm  and  8  mm  H  typa  wava  langth  wora  graduatad  with 
standard  wattmatara  in  CW  ganaration  ragima  with  arror  ±  6t. 

3.4  RESULTS 


In  figure  1  are  ahowed  typical  tranaducera  output  voltage 
dependenoiea  for  8  mm  wave  length  (curve  1)  and  4  non  wave  length  (curve 
2)  from  the  power  and  in  fig.  2  -  dependencies  of  this  output  voltage 
from  mw  electric  field  (curve  1  -  X  >  8  mm,  2  -  X  •  4  mm).  As  shown  in 
the  figure  2  transducer s  have  a  right  dapandanoies  in  the  wide  range  of 
alactrio  fields.  In  the  table  are  presented  main  specifications  of 
transducers . 


Transducer 

typa 
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Fourier  transform  infrared  spectrometer  using  delta-sigma  modulation 
for  high  dynamic-range  spectrometry 

Kei-ichiroh  Minaml  and  Satoshi  Kawata 
Department  of  Applied  Physics,  Osaka  University,  Suita,  Osaka  565,  Japan 

Application  of  delta-sigma  modulation  (AL)  to  Fourier  transform  infrared  (FT- 
IR)  spectrometer  is  presented.  This  quantization  features  sampling  of  an 
interferogram  at  a  rate  higher  than  the  Nyquist  rate  and  a  nonlinear  feedback 
system  with  the  1-bit  quantizer.  The  experimental  results  of  IR  absorption 
measurement  demonstrate  the  practicality  of  the  proposed  method.  The 
dynamic-range  with  this  method  can  exceed  over  the  limit  of  ordinary  A/D 
converter. 

INTRODUCTION 

Use  of  a  broadband  source  in  absorption  spectroscopy  results  in  an  interferogram 
with  the  large  peak  at  the  zero  path-length  difference  and  the  trivial  variation 
elsewhere.  Although  high  dynamic-range  is  required  for  the  A/D  conversion  of 
the  interferogram  [1],  the  dynamic-range  of  an  ordinary  A/D  converter  is  limited 
by  16-20  bits.  The  gain-ranging  is  often  used  to  virtually  increase  the  dynamic- 
range  while  it  improves  by  a  few  bits.  Several  alternative  approaches  have  been 
proposed  to  overcome  the  dynamic-range  limitation  [2]. 

For  carrying  out  high  dynamic-range  spectroscopy,  we  have  proposed  use  of 
delta-sigma  (A£)  modulation  to  Fourier  transform  spectrometry  [3].  In  this 
method,  the  interferogram  is  oversampled  at  the  rate  that  is  much  higher  than 
the  Nyquist  sampling  rate.  After  integrating  the  sampled  interferogram  the 
difference  between  the  integrated  result  and  the  previous  one  is  digitized  to  1-bit 
binary  sequence  by  a  comparator  within  the  nonlinear  feedback  loop  [4].  This 
quantization  is  recently  getting  popular  in  the  fields  of  acoustics/speech 

processing.  We  applied  this  ^£  modulation  to  FT-IR  spectrometer  and  measured 
IR  absorption  spectra  with  the  developed  spectrometer. 

FT-IR  SPECTROMETER 

We  implemented  a  A£  modulator,  instead  of  ordinary  A/D  converter  in  a  real 
FT-IR  spectrometer  for  demonstrating  the  practicality  of  the  proposed  method. 
The  spectrometer  used  was  JEOL  Model  JIR-3510.  We  used  a  A£  modulator  of 
second  order,  CS-5316  of  Crystal  semiconductor,  which  has  two  feedback  loops. 
The  oversampling  was  performed  with  phase-lock-loop  circuits  by  frequency 
multiplexing  of  the  He-Ne  fringe  signal,  which  is  used  for  monitoring  the  path- 
length  difference  of  the  Interferometer.  From  the  binary  Interferogram  from  the 
modulator,  the  spectrum  is  reconstruction  with  a  FFT  or  a  DFT  for  the  significant 
spectral  range. 

Dynamic-range  of  the  second-order  modulator  Increases  by  2.5  bits  as  doubling 
the  sampling  rate.  For  the  sampling  rate  in  our  setup  that  was  64-time8  higher 
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than  the  Nyquist  rate,  the  dynamic-range  equivalent  to  ~13-bit  A/D  converter  is 
anticipated  for  a  spectral  range  of  0  -  4000  cm'^. 

EXPERIMENTAL  RESULT  and  DISCUSSION 

Figure  1(a)  shows  IR  absorption  spectrum  of  polystyrene  film  measured  with  the 
developed  spectrometer.  For  comparison,  the  spectrum  of  the  same  sample 
measured  with  the  same  spectrometer  but  quantized  with  a  16-bit  A/D  converter 
is  shown  in  Figure  Kb).  Absorption  peaks  of  the  sample  observed  in  Fig.  1(a) 
meet  with  those  of  Fig.  1(b),  without  occurrence  of  spurious  peak. 

The  dynamic-range  with  this  method  can  be  enhanced  by  1)  increasing  the 
sampling  rate  or  2)  utilizing  the  modulator  of  higher  order.  In  practical 
applications,  the  sampling  rate  is  limited  by  stability  of  the  interferometer  and 
the  He-Ne  laser;  if  the  sampling  rate  is  too  high,  the  spectrum  is  degraded  by  the 
sampling  jitter.  On  the  other  hand,  use  of  a  high-order  modulator  is  more 
promising  to  earn  the  dynamic-range  exceeding  over  the  limitation  of  the 
ordinary  A/D  converter;  for  example,  a  fourth-order  modulator  provides  23-bit 
dynamic-range  at  128x  oversampling. 


Fig.l.  Absorption  spectra  of  polystyrene  reconstructed  from  interferograms 
quantized  with  (a)  a  AI  modulator  of  second-order  and  (b)  a  16-bit  A/D  converter 
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New  FIR  Laser  Assignments  in  the  vs,  V7,  and  Vg  Excited  States  of  ^^CDjOH  Methanol 

Li-Hong  Xu  and  R.M.  Lees 
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Abstract 

High-resolution  Fourier  transform  spectra  of  ^^CDsOH  methanol  have  been  re-examined 
between  800  -  1350  cm'^  In  addition  to  fbrther  ftindamentid  understanding  of  its  complex  torsion- 
vibration  energy  stnicture,  several  new  FIR  laser  aasignmenu  have  been  made,  which  involve  IR  pump 
transitions  to  the  V5,  V7,  and  Vg  CD3 -deformation,  CO-stretching  and  CDg-rocking  states.  The 
assignments  have  been  used  to  connrm  interesting  peiturbations  in  the  energy  level  systems. 

Introduction 

FIR  laser  emission  from  optically  pumped  l^CDsOH  has  been  an  Intense  su^ect  studied  by 
several  research  groups  around  the  world  since  the  discovery  of  the  strong  127  um  I^  laser  line,  the 
second  most  efficient  Known,  pumped  by  the  10P(8)  CO2  laser  line.  More  than  ISO  FIR  laser  lines  have 
been  reported  to  date  for  thisjpecies.  However,  only  about  40  lines  have  bMn  confidently  assign^  to 
specific  energy  states  [1,2].  The  diHlcultv  in  HR  laser  assignments  for  ^^CDsOH  arises  on  the  one 
hand  ficm  a  lack  of  experimental  information  on  precise  frequency  measurements,  IR  pump  offsets  and 
relative  IR  and  FIR  polarizations,  and  on  the  other  from  the  crowded  and  complex  nature  or  the  spectra. 

IR  Spectra  In  the  800-1350  cm’l  Region 

High-resolution  spectra  were  obtained  on  a  modified  DA3.002  Bomem  Instrument  at  resolutions 
of  0.002  and  0.003  cm'^  from  800-1030  and  1000-1350  cm‘l,  respectively,  with  the  latter  being  at 
higher  pressure  and  path  length  to  enhance  the  weaker  bands.  In  addition  to  possible  hot  bands,  seven 
fundamentals  lie  in  this  region  as  shown  in  Table  1  from  the  latest  force  field  calculation  [3],  and  four 
of  them  have  large  transition  stnngth  and  give  strong  spectra.  We  have  been  able  to  carry  out  extensive 
spectroscopic  analyses  for  the  V5,  V7,  and  vg  bands  [4,5j.  The  analysis  of  the  V4  band  is  still  in  progress. 

New  FIR  Lsuier  Assignments 

In  this  work,  we  present  six  funher  IR-pump/FIR-laser  systems,  listed  in  Table  2,  System  1 
Involves  the  CDs-deformatlon  state,  which  has  a  larger  rotational  B-value  than  other  known  states.  This 
results  In  interesting  J-l(Kallzed  perturbations  as  the  deformation  levels  cross  through  nearby  states,  and 
both  the  (mK)''  *  and  (025)°®*' states  are  perturbed  as  seen  from  the  A2  second  differences  in 

Table  3.  However,  the  good  agreement  between  the  FIR  laser  wavenumbers  from  our  loop  technique 
and  reported  heterodyne  measurements  confrrms  our  assignments  of  these  IR  series  as  given  in  Table  3. 

In  Systems  2,  3  and  4,  the  FIR  laser  transitions  involve  excited  torsional  levels  of  the  CO- 
stretching  state.  Closed  loops  for  these  svstems  are  valuable  checks  of  the  spectroscopy  for  these  weak 
transitions,  conflrmlng  the  HR  laser  assignments  and  also  predicting  more  accurate  wavenumbers  and 
new  lines.  In  Ref.  1,  we  tentatively  proposed  the  10P(42)4-5MHz  IR  pump  as  P(121,14)  to  the  CD3- 
rocking  state,  based  on  observation  of  a  few  nearby  n  ■  1  subbranches.  However,  all  n  ■  1  series  have 
now  been  assigned  up  to  K  »  6  for  all  torsional  symmetries,  and  unfortunately  no  room  is  left  for  our 
original  IR  pump  assignment  as  the  CDs-rock.  An  unknown  state  is  required  around  1265  cm-*,  about 
23  cm'*  above  the  (030)  CD3 -deformation  state.  The  assignment  scheme  in  Table  2  is  supported  by 
near-zero  loop  defects  from  closed  loops  including  the  observed  FIR  laser  lines  Lb  and  L«  themselves. 
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Table  1.  13CD3OH  Fundamental  Wavenumbers  (cm*i) 


I 

v(OH) 

3686.1 

2 - 

v(CD3)  asym 
2224.2 

- 3 - 

v(CD3)  sym 
2048.0 

- 3 - 

5(C0H) 

1286.4 

5 

8(033)  sym 
1108.5 

- S - 

8(CD3)Bsym 

1059.1 

. . '7 . . 

S' 

9 

10 

11 

12 

v(CX)) 

P(CD3) 

v(CD3)  asym 

8(CD3)  asym 

P(CD3) 

t(CD3) 

978.8 

852.4 

2198.7 

1060.8 

882.8 

258.2 

Table  2.  Assignments  of  FIR  Laser  Lines  in  l^cDsOH  Optically  Pumped  by  a  CX}2 


System  CX32 -f  Offlwt 
[vincm*!] 

IR  Absorption  FIR  Laser  Transition* 
IVobilncm*l]  (nVK',jy  -a  (nVK"/)''" 

Line 

Ubel* 

Vobi** 

[cm-7] 

Rel 

Pol 

Vctk 

[cm*l] 

#1 

9R(52) 

P(016,15)  (016,14)D«f  ->  (016,13)Dif 

U 

18.4248* 

[II] 

18.4248 

1095.6636 

1095.6623 

-a  1(025, 14)D«fl 

[Lb] 

[1] 

[13.1974] 

-a  (025,13)D*f 

U 

31.4904* 

[111 

31.4899 

#2 

10R(46) 

R(117.8) 

(117,9)«“  -a  ((117, 8)«'] 

[U] 

[II] 

[11.4525] 

990.6169 

990.6205 

-a  ((126,9)«»] 

[Lb] 

[1] 

[52.0067] 

-a  (126,8)« 

u 

63.4199* 

[II] 

63.4196 

#3 

10R(24)  -  lOMHz 

Q(234.5) 

(234,5)co  -»  ((234,4)co] 

[L.] 

[1] 

[6.3601] 

978.4720 

978.4714 

-a  t(113,5)«>] 

[Lb] 

[II] 

[155.7559] 

-a  (113,4)00 

U 

162.1218* 

1 

162.1214 

#4 

10P(34)  -  n9MHz 

P(  114,34) 

(114,33)00  -a  [(114,32)00] 

[Ld 

[II] 

[41.9268] 

930.9975 

930.9944 

-a  (123,33)00 

U 

66.83 

1 

67.0354 

-a  [(123,32)00] 

[U] 

[II] 

[108.8970] 

#5  10P(40)4>130MHr 

P(030,39) 

(030,38)00  --a  (030,37)00 

u 

48.68 

1 

Tentative 

924.9783 

924.9775 

-a  (311,38)0 

4 

49.91 

1 

Assignment 

#6 

10P(42)  5MHz 

P(  130,14) 

(130,13)7  -a  (130,12)7 

4 

16.53 

1 

16.5485 

922.9145 

922.9144 

-a  (121,13)R 

4 

67.4863* 

1 

67.4879 

*  Transitions  in  brackets  are  predicted, 

b  Values  with  asterisks  are  converted  from  accurate  frequency  measurements^  using  29979.2458  MHz/cm‘i. 


Table  3.  (nxK)  ■  (025)  and  (016)  Transitions  in  the  CDs-Deformation  Band  of 


m 

A1 

A2 

"Tur"' 

■i 

— m — 

AI 

A2 

Int. 

3 

1119.49843 

1.48166 

0.8379 

a 

6 

1120.98009 

1.30323 

0.02137 

0.8313 

H 

1120.73404 

1.69514 

0,8802 

7 

1122.48332 

1.31698 

0,01373 

0.7934 

II 

1122.44918 

1.71186 

0.01672 

0.3613 

8 

1124.00030 

1.30690 

<0.01008 

0.7303 

D 

1124.16104 

1.72473 

0.01289 

0.7640 

9 

1123.S0720 

1.38397 

•0.12293 

0.7416 

n 

1123.88379 

1.73480 

0.01003 

0.7476 

10 

1126.89117 

2.03647 

0.67230 

0.7968 

10 

1127.62039 

1.74212 

0,00732 

0.7374 

11 

1128.94764 

1.36423 

•0.49222 

0.7416 

11 

1129.36271 

1.74676 

0,00464 

0.3662 

12 

1130.S11B9 

1.61431 

0.03026 

0.7218 

12 

1131.10947 

1.74863 

0,00187 

0,3497 

13 

1132.12640 

1.64028 

0.02577 

13 

1132.83810 

1.74643 

•0.00220 

0.7026 

14 

1133.76668 

1.63890 

0.01862 

0.3236 

14 

1134.60433 

1.73744 

•0.00899 

0.7247 

IS 

113S.42338 

1.67331 

0,01461 

0.6883 

IS 

1136.34197 

1,71334 

•0.02210 

0.7332 

16 

1137,09909 

1.68620 

0.01269 

0.6612 

16 

1138.05731 

1.66263 

•0,03269 

0.7343 

17 

1138.78329 

1.69637 

0.01037 

0.7171 

17 

1139.71996 

1.33934 

•0.12311 

0.7612 

18 

1140.48186 

1.70504 

0.00847 

0.7327 

18 

1141.23930 

1.31336 

•0.22398 

0.8167 

19 

1142.18690 

1.70701 

0.00197 

0.7378 

19 

1142.37306 

0.8798 

20 

1143.89391 

0.7437 

20 
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ASSIGNMENT  OF  THE  FIR  AND  IR  ABSORPTION 
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We  are  performing  a  systematic  investigation  of  the  infrared  and  far>infrared  absorption  spectrum 
of  various  isotopic  species  of  methanol  by  high-resolution  Fourier  transform  spectroscopy. 

The  entire  spectra  of  CHsOH  and  CD3OH  between  30  and  1250  cm~*  have  been  measured  in 
several  segments  on  the  Bruker  Fourier  transform  spectrometer  of  the  Justus  Liebig  University  of 
Giessen.  Measurements  for  the  isotopic  species  CHJ'OH,  ’*CHsOH,  ^*CDsOH  and  CH3DOH  are 
in  progress  on  the  same  spectrometer. 

Due  to  the  large  number  of  measured  lines  for  each  isotopic  species  (the  order  of  magnitude 
is  100,000  lines  between  30  and  1250  cm”*  for  each  species)  we  have  developed  computer  software 
for  the  line  assignment.  We  started  our  assignment  work  with  an  assignment  program  package 
based  on  a  Taylor  series  expansion  of  the  energy  levels  (Ref.  1  and  references  therein).  This 
program  performs  extremely  well  as  long  as  the  investigated  energy  levels  are  not  perturbed  by 
nearby  levels  via  Fermi  resonances.  When  Fermi  resonances  are  present,  the  sequence  of  levels 
sharing  all  the  quantum  numbers  but  J  may  not  be  well-behaved  in  the  J(J  -f  1)  energy  expansion. 
Fermi  resonances  are  quite  common  for  the  vibrationally  excited  levels  of  all  the  isotopic  species 
of  methanol,  bi't  relatively  rare  for  the  ground  vibrational  state  of  the  normal  species  CH3OH. 
Thus,  we  could  use  our  ‘‘Taylor”  assignment  program  for  the  assignment  of  the  CH3OH  absorption 
spectrum  without  encountering  particularly  relevant  problems.  Up  to  now,  we  have  assigned  more 
than  36,000  lines  of  CHsOH. 

On  the  contrary,  Fermi  resonances  are  more  frequent  in  CDs  OH  because  of  the  larger  moment 
of  inertia  of  CDs  and  of  the  smaller  vibrational  frequencies.  This  has  led  us  to  develop  a  new 
program,  where  the  Taylor  expansions  are  still  used  for  predicting  transitions  involving  new  levels, 
but  the  energies  of  the  levels  involved  in  already  assigned  transitions  are  evaluated  by  the  Rydberg- 
Ritz  combination  principle.  That  is,  we  evaluate  the  level  energies  Ei  which  minimize 


*■  =  1: 


(C,  -  -  ./»)= 


•1; 


(1) 


where  E,  and  Ej  are  the  tth  and  ;th  energy  level  of  the  molecule,  Uij  is  the  experimental  frequency 
of  the  corresponding  transition,  and  the  experimental  accuracy.  We  have  presented  in  previous 
works  [1,2]  our  first  results  on  the  assignment  of  the  CDs  OH  spectrum  and  discussed  the  pertur- 
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bations  and  the  forbidden  AK  =  2  and  AK  =:  3  transitions  which  we  have  been  able  to  assign  for 
this  species.  We  have  assigned  20000  lines  of  CD3OH  up  to  now. 

The  assignment  of  the  ^’CDjOH  has  so  far  utilized  a  standard  spreadsheat  program  [3].  About 
20,000  lines  comprising  iZ,  Q  and  P  branches  of  about  250  (nr  AT)  transitions  have  been  assigned  in 
the  14  -  240  cm~'  region  and  IR  region,  which  had  been  measured  on  the  modified  Bomem  DA3.002 
Fourier  transform  instrument  at  the  Herzberg  Institute  of  Astrophysics  in  Ottawa  at  0.002  cm~^ 
resolution.  The  analysis  of  the  spectrum  from  Qiessen  utilizing  the  Taylor  development  program 
has  just  started. 

More  recently,  we  have  started  the  assignment  of  the  FIR  absorption  spectrum  of  CH3OD. 
Also  for  this  species  we  have  found  some  important  Fermi  resonances  within  the  vibrational  ground 
state,  which  we  have  been  able  to  follow  along  the  level  sequence  with  our  new  program.  3000  lines 
have  been  assigned  up  to  now. 

Simultaneously,  we  have  also  started  to  tackle  the  FIR  absorption  spectrum  of  the  methyl- 
asymmetric  species  CH3DOH.  The  Taylor  expansions  allow  to  follow  many  line  series  relatively 
well,  and  to  assign  the  J  and  K  values  of  the  involved  levels.  But  the  complexity  of  the  spectrum 
and  the  looser  selection  rules  make  more  complete  assignments  a  difficult  task,  at  least  for  the 
moment. 
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Abstract 

The  operating  pressure  of  a  FIR  laser  pumped  by  a  Q-switched  CO3  laser  can  be 
increased  by  injection  seeding  it  with  a  low>power,  quasi-cw  FIR  laser.  This  increase 
in  operating  pressure  is  a  result  of  an  increased  energy  conversion  efficiency.  A 
five*level  rate  equation  model  of  the  laser  gives  the  same  general  results  as  the 
experiments. 


Introduction 

The  pressure*broadened  gain  width  of  a  FIR 
laser  pumped  by  a  Q-switched  low-pressure 
CO3  laser  is  insufficient  to  sustain  short  (<  10 
ns)  pulses.  We  show  that  by  increasing  the 
pressure  of  the  lasing  gas  the  FIR  cavity  can 
be  used  as  a  regenerative  amplifier  for  short 
seed  pulses. 

Experimental  results 

In  OUT  experiments  we  used  two  laser  systems. 
Both  consist  of  a  FIR  laser  pumped  by  a  COa 
laser.  The  CO3  laser  of  the  first  system  is  Q- 
switched.  It  delivers  output  pulses  of  up  to 
10  kW  peak  power  and  a  FWHM  width  of 
350  ns.  The  FIR  laser  ttas  up  to  10  W  peak 
power,  with  the  same  palsewidth.  The  sec¬ 
ond  laser  system  is  us'^d  in  a  quasi-cw  mode 
and  produces  FIR  pulses  of  50  mW  and  pulse 
durations  of  1  ms.  Seeding  radiation  is  cou¬ 
pled  into  the  pulsed  FIR  laser  through  the  out- 
coupling  mirror  by  means  of  a  beam  splitter. 
In  our  experiments  we  used  the  118.8  pm  line 
of  CH3OH,  pumped  by  the  9P(36)  COa  line. 
The  output  of  the  pulsed  FIR  laser  was  mea¬ 
sured  with  a  Schottky  diode,  en.ibl]r.g  time- 
resolved  measurements  of  the  pulses.  In  fig¬ 
ure  1  FIR  pulseshapes  observed  at  two  differ¬ 
ent  pressures,  both  with  and  without  seeding, 
are  shown.  The  CO3  pulse  starts  at  f  =  0. 


Figure  1:  FIR  pulseshapes  at  different  pres¬ 
sures  with  and  without  1  mW  of  seeding. 

The  amplitude  of  the  pulses  is  larger  in  the 
seeded  case  and  decreases  less  rapidly  with 
pressure.  The  delay  between  the  CO3  pulse 
and  the  seeded  pulse  is  shorter  and  increases 
less  with  pressure  than  the  corresponding  de¬ 
lay  of  the  unseeded  pulse. 

The  pulse  amplitude  as  a  function  of  the  op¬ 
erating  pressure  is  shown  in  figure  2.  The  in- 
cresise  in  k  siximum  amplitude  is  nut  very  large, 
but  the  pressK.e  range  in  which  laser  action  is 
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Figure  2:  observed  pressure  dependence  of  the 
FIR  output  with  and  without  1  mW  of  seeding. 
The  simulation  was  fitted  to  the  data  of  the 
seeded  pulses. 

possible  is  extended  by  40  %, 

Measurements  made  of  both  the  pulse  am¬ 
plitude  and  the  delay  between  the  FIR  and 
the  CO3  pulses  show  a  logarithmic  dependency 
on  the  seeding  power  over  at  least  four  orders 
of  magnitude.  Extrapolation  of  the  data  to 
the  value  obtained  without  seeding  results  in 
8  ’natural’  seeding  intensity  which  is  in  good 
agreement  with  the  calculated  value  for  the 
blackbody  radiation  density  at  300  K  (»  10***^ 
Jm“=>). 

Discussion 

The  data  from  our  experiments  were  com¬ 
pared  to  numerical  calculations.  For  these 
calculations  we  used  a  five-level  rate  equation 
model  [1,  2].  In  Agure  1  the  simulated  curve 
for  the  pressure  dependence  is  shown. 

The  logarithmic  dependency  of  both  pulse 
amplitude  and  pulse  delay  on  the  seeding  in¬ 
tensity  is  reproduced  by  the  model. 

The  effect  of  injection  seeding  can  be  under¬ 
stood  using  the  results  of  the  simulations.  The 


main  effect  of  increasing  the  pressure  of  the 
laser  gas  results  from  the  increase  of  the  fast 
(»  70  MHzTorr**^),  pressure-dependent  ther- 
malJzation  rate  which  counteracts  the  buildup 
of  population  Inversion.  At  constant  pump 
power  therefore  the  small  signal  gain  will  de¬ 
crease  with  increasing  pressure,  and  it  takes 
longer  for  the  thermal  background  radiation  to 
be  amplified  to  such  a  level  that  the  stimulated 
emission  rate  is  comparable  with  the  thermal- 
ization.  As  the  pump  pulse  has  a  finite  dura¬ 
tion,  the  overall  laser  efficiency  will  decrease. 
If  the  pressure  becomes  too  high,  no  signifi¬ 
cant  laser  action  can  develop  anymore  within 
the  limited  time  span  of  the  pump  pulse.  If  we 
increase  the  level  of  the  initial  radiation  density 
by  injection  seeding,  a  lower  gain  is  sufficient  to 
reach  a  significant  FIR  power  level  before  the 
end  of  the  pump  pulse.  Even  a  small  amount 
of  FIR  power  («  1  mW)  is  effective. 

Conclusions 

We  have  shown  the  feasibility  of  increasing  the 
operating  pressure  -  and  thus  the  gala  width  - 
of  a  FIR  cavity.  When  used  as  a  regenerative 
amplifier,  pumped  with  a  CO3  laser  like  the 
laser  used  in  our  experiments,  operating  pres¬ 
sures  up  to  10  Torr  may  be  possible,  resulting 
in  a  gain  width  of  230  MHz. 
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Comparative  Study  of  Gyrotrons  Based  on  Thermionic  and  Cold  Cathodes 
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A  comparative  investigation  of  the  oscillating  characteristics  of  a  step-tunable  (20  to  4SOHz)  gyrotron  with 
the  change  in  the  electron  beam  source  is  reported.  This  was  achieved  by  direct  comparison  between  a 
gyrotron  based  on  a  two-electrode,  cold  cathode  and  a  thermionic  cathode  configured  within  a  magnetron 
li^jectlon  gun. 

It  has  previously  been  shown  that  a  field-immersed,  field 
emission  cold  cathode  was  able  to  emit  large  currents  «  BOOA 
with  the  application  of  both  single  and  repetitive  pulsed 
potentials  of  magnitude  •-TSkV.  This  system  produced  mm- 
waves  in  the  frequency  range  24  to  lOOQHz  at  power  levels 
•■6MW‘.  The  pulse  duration  of  the  cold  cathode  gyrotron  is 
normally  limited  by  “gap  closure"  which  Is  the  process  by 
which  plasma  from  the  cathode  (and  in  certain  cases  from  the 
anode)  effectively  “shorts  out"  the  cathode-anode  potential 
difference.  The  mildly  relativistic  electron  beam  terminates 
and  a  low  voltage  arc  carries  the  current  until  the  power 
supply  is  switched  off.  Gyrotrons  depend  Inherently  upon  the 
interaction  of  an  energetic  electron  beam  with  an  applied 
magnetic  fleld^  and  hence  as  soon  as  “gap  closure"  takes  place  the  electromagnetic  wave  output  ceases.  With 
the  use  of  a  thermionic  cathode  continuous  electron  emission  is  possible.  This  allows  the  extension  of  the 

relativistic  electron  beam  pulse  duration  beyond  the  lOOns 
to  300ns  limit  presently  Imposed  by  "gap  closure".  A  high 
power  (» lOOkW),  long  pulse  (»  50ms  to  100ms)  gyrotron 
ha.s  subsequently  been  developed  utilising  an  electron  beam 
forming  system  based  on  the  three  electrode  configured 
thermionic  cathode  built  by  EEV  Co  flg(l).  The  operating 
parameters  of  both  gyrotrons  are  compared  in  table  1. 

Powering  the  thermionic  cathode  gyrotron  with  a  (5mF, 
723J)  Marx  bank,  producing  a  cathode  pulsed  potential  of 
magnitude  -60k V,  resulted  in  the  generation  of  a  20A 
electron  beam  which  had  characteristic  1/e  decay  time  of 
«  100ms.  This  resulted  in  the  generation  of  a  SOms  and  a 
100ms  duration  mm-wave  output  pulse  at  a  central  intra- 
cavity  B  field  value  of  1 . 175T  and  1 .650T  respectively.  At 
central  intra-cavity  B  fields  of  1.175T  and  1.650T,  the 
cavity  modes  of  oscillation  were  identified  from  the 
measured  near-fleld  radiation  patterns  with  their 
corresponding  critical  starting  currents  required  for  mode 


Figure  1.  Scale  drawing  of  MIG  type 
thermionic  cathode. 
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excitation  measured  as  a  function  of  B  field.  The 
TEoj  mode,  cut-off  frequency  ••29.1GHz,  was 
identified  at  an  intra-cavity  B  field  of  1.175T  with 
a  corresponding  critical  starting  current  of  l.SA, 
fig(2).  The  TEo3  mode,  cut-off  frequency  42.2GHz, 
was  identified  at  an  intra-cavity  B  field  of  1.650T 
with  a  measured  starting  current  of  O.SA, 

A  heterodyne  diagnostic  system  was  used  to 
measure  the  frequency  and  bandwidth  of  both  the 
TEo2  and  the  TEg,  modes.  The  TEqj  mode  wa.s 
measured  oscillating  at  a  full-width,  half-height 
bandwidth  of  1.3MHz,  at  a  centre  frequency  of 
(29.7±0.3)GHz  flg(3).  Similarly,  the  TEg,  mode 
w'as  found  to  be  oscillating  at  four  separate  cavity 
resonant  frequencies,  with  a  centre  frequency  of 
(42.S±0.3)GHz.  Each  resonance  had  a  measured 
bandwidth  of  ••  5MHz,  with  a  frequency  separation  of 
■i20MHz.  This  20MHz  frequency  separation  matches 
that  of  the  longitudinal  cavity  modes. 

The  gyrotron  output  power  was  measured  using  a  broad 
band  power  meter.  The  energy  content  per  pulse  was 
determined  via  the  absorption  of  the  mm-waves  in  a 
cailbr.ited  thermocouple  calorimeter,  with  the  mm-wave 
pulse  duration  monitored  using  a  Ka-band  crystal 
detector.  An  energy  content  per  mm-wave  pulse  of 
•»  12J,  with  a  corresponding  output  power  of  •*  120kW 
was  measured.  A  gyrotron  operating  efficiency  of  •<  10% 
was  deduced.  It  can  therefore  be  concluded  that  the  change  in  the  electron  beam  source  from  a  field- 
immersed,  field  emission,  cold  cathode  to  a  MIG  type  thermionic  cathode  did  not  significantly  effect  the 
gyrotron  operating  efficiency.  As  the  thermionic  cathode  gyrotron  and  the  cold  cathode  gyrotron  were  based 
on  identical  iil-defined,  oxygen-free,  high  conductivity  (OFHC)  copper  cavities,  this  suggests  that  in  this 
experiment  it  is  the  interaction  cavity  and  not  the  electron  beam  source  which  dominates  gyrotron  operating 
efflclency. 
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Figure  3.  Heterodyne  frequency  measurement  of 
TEq]  mode,  centre  frequency  29,7GHz. 


Figure  2.  TEg^  near  field  radiation  pattern  and  starting 
current  with  respect  to  Intra-cavlty  B-field. 
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ABSTRACT 

Measurements  of  the  velocity  distribution  of  gyrotron  electron  beams  have  been  continued  using  the  retarding  field 
method.  Improvements  of  the  experimental  equipment  allows  a  larger  range  of  scaling  factors.  Results  tbr  different  electron 
guns  built  ibr  140  QHz  gyrotrons  will  be  presented  and  compared  ^th  numerical  calculations. 

1.  INTRODUCTION 

For  a  better  understanding  of  the  behaviour  of  gyrotrons  and  in  order  to  be  able  to  perform  a  reliable  design  of  a 
gyrotron  tube,  it  is  very  useftil  to  know  the  real  properties  of  the  injected  electron  beam,  Highly  efllcient  operation  requires  a 
large  average  velocity  ratio  with  and  |)|  the  transverse  and  longitudinal  velocity,  respectively,  A  low  velocity 
spread  8pt  is  indispensable  for  being  able  to  achieve  a  high  value  of  a.  In  practice  up  to  know  only  the  method  of  retarding 
flelds  /I/  has  proved  to  be  useftil  for  measuring  the  velocity  distribution  of  helical  electron  beams  as  used  in  gyrotrons. 
There  are  two  main  disadvantages  of  this  method:  (1)  A  special  experimental  set*up  is  required.  (2)  The  high  power  density 
of  the  electron  beam  requires,  that  the  measurements  have  to  be  perfomied  at  sealed  down  parameters.  Therefore  some 
uncertainty  remains  concerning  the  validity  of  extrapolating  the  measured  values  towards  the  operating  parameters. 

2.  EXPERIMENTAL  ARRANGEMENT  AND  PERFORMANCE 

The  experimental  arrangement  is  in  principle  as  discribed  In  /2/.  Some  modiflcatlons  have  been  made  to  allow 
measurements  at  a  scaling  foctor  kg  as  low  as  about  4,  This  corresponds  to  operation  at  higher  voltages  and  higher  power 
densities  compared  to  the  measurements  in  111,  The  scaling  foctor  kg  gives  the  value  by  which  the  voltages  applied  at  the 
gun  are  reduced,  To  have  unchanged  electron  trajectories  the  beam  current  and  the  magnetic  field  B(z)  have  to  be  scaled 
down  by  (kg)‘  ’  and  (kg)0^  respectively.  The  main  part  of  the  electron  beam  is  stopped  at  a  disc  with  a  2  mm  slit,  The  part  of 
the  beam  passing  the  slit  enters  the  retarding  field  of  a  negatively  biased  electrode.  The  previously  used  cyllndrically  shaped 
electrode  has  been  replaced  by  a  gridded  one.  Because  the  motion  within  the  retarding  region  is  adiabatic,  the  retarding  field 
acts  only  on  the  longitudinal  momentum  leaving  the  transverse  momentum  un^lfocied.  Only  electrons  with  an 
"longitudinal"  energy  E|>eUret  overcome  the  potential  barrier  and  contribute  to  the  current  Ic(Uret)‘ 

Measurements  on  electron  guns  designed  for  TEg  , 'gyrotrons  at  140  QHz  are  in  progress.  Two  guns,  one  with  a  non 
laminar  and  one  with  a  laminar  electron  flow  have  been  measured  at  scaling  foctors  kg  between  5  and  20,  The  experimental 
procedure  is  as  discribed  in  111,  Out  of  the  measured  distribution  of  Ic(Uret)  the  experimental  values  of  a  and  S|3t  are 
evaluated  according  to: 

Uexp  * ‘^(Bt/Ei)  with  E|  -  eUfQtCO.S)  and  Et*Eo>E| 

Ufg|(S0)  is  the  value  of  the  retarding  field  at  which  the  current  Ig,  is  reduced  to  50%  of  the  value  at  Ufet'K)  and  E»  is  the 
total  beam  energy.  Since  in  general  IcC^ret)  not  symmetric,  it  was  decided  to  take  the  half  value  UggiC^O)  instead  of  the 
average  calculated  according  to:  0.S«(Ure((90)+U»j(10))  as  done  In  111,  Uret(^^)  ‘nd  Uf.((10)  mean  the  values  of  Ui^i  at 
which  Ig  is  reduced  to  90%  and  10%,  respectively.  Consequently,  the  relative  transverse  velocity  spread  is  defined  as: 

8p,+ •  0.5(6E+/E,)  8|3,.«0,3(6E^,)  and  8p(-0.3[8pi+  +  8Pt.] 

with  the  energy  spread  6E+>0.5o[Uret(90)  •  Ufgt(50)]  and  AE.-O.5e[Urgt(S0)  •  UrgtOO)].  In  case  of  a  symmetric 
distribution  both  values  are  equal.  However,  with  a  non  symmetric  distribution  8pt+  determines  the  maximum  achievable 
velocity  ratio  without  reflected  electrons. 


3.  RESULTS 

The  measured  distributions  Ic(Uret)  ore  found  to  be  quite  symmetric  in  the  case  of  the  gun  with  non  laminar  flow. 
However,  Ic(U|.Qt)  of  the  laminar  flow  gun  have  a  tall  with  about  10%  of  the  total  beam  with  high  axial  energies.  Typical 
measured  distributions  of  Ic(Ufet)  are  shown  in  Fig.  I.  The  experimental  dependence  of  8P|  on  the  beam  current  at  scaling 
factors  of  S,  10  and  20  are  given  in  Pig.  2.  For  the  laminar  pn  8P14.  is  shown.  The  measurements  have  been  done  within  a 
wide  range  of  parameters.  Both  pns  are  designed  for  an  electron  current  of  8  A  at  70  kV.  The  spread  8P(  calculated  with 
EQUN  was  found  to  be  between  about  4  and  10%  depending  on  the  operating  parameters.  It  partly  contributes  to  the 
observed  spread  8P(  in  Pig.2.  Out  of  the  results  it  follows  that  the  measured  8Pt  is  within  the  accuracy  (about±lS%) 
Independent  of  the  scaling  factor.  This  Is  a  strong  indication  that  the  values  of  the  beam  parameters  measured  at  scaled 
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down  parameters  can  be  extrapolated  up  to  the  gyrotron  operating  values  and  supports  the  validity  of  the  necessary 
extrapolation  of  the  measured  beam  parameters  up  to  the  gyrotron  operating  values. 

4.  CONCLUSION 

Measurements  of  the  beam  parameters  with  the  retarding  field  method  at  different  scaling  factors  seem  to  prove  the 
validity  of  extrapolation  up  to  the  gyrotion  operating  parameters.  The  electron  gun  with  non  laminar  flow  has  a  symmetric 
distribution  IcfUret)  in  contrast  to  the  gun  with  laminar  flow  which  has  a  distinct  asymmetiy  of  IgfUrgj).  The  reason  for  the 
asymmetry  -  mechanical  tolerances,  type  of  electron  flow  or  something  else  -  is  not  yet  clear.  Up  to  about  the  design  value  of 
the  electron  current  both  guns  have  a  similar  velocity  spread.  Above  about  10  A  the  laminar  gun  has  a  significantly  lower 
velocity  spread.  This  cottflnns  the  results  of  numerical  calculations. 
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Pig.  1:  Typical  distributions  Ic(Uret)  for  the  non  laminar  and  the  laminar  gun 
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Fig.  2;  Experimental  values  of  ftpj  measured  at  for  different  operating  parameters  at  kj“3, 10  and  20. 
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Vacuum  Microelectronic  Array  Gyrotron  Cathode  Experiments 

M  Oarven,  SN  Spark,  ADR  Phelp&  and  N  Cade‘s 
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*GEC‘Marconi  Ltd, ,  Hirst  Research  Centre,  East  Lane 
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Field  emitting  cathodes,  which  are  central  to  the  new  technology  of  vacuum  microelectronics,  are  emerging 
as  novel  sources  of  electrons.  Development  of  such  cathodes  is  proceeding  at  many  centres  around  the  Vt'orld, 
with  applications  in  microwave  devices  and  displays.  Recent  work,  as  part  of  a  collaboration  between  the 
University  of  Strathclyde'  and  QEC-Marconi  Ltd.^  has  involved  the  design  nnd  development  of  a  field  emission 
array  (PEA)  cathode  for  a  vacuum  diode  millimetre-wave  gyrotron.  Initially  this  will  be  a  low  power,  IkW 
mm-wave  output,  long  pulse,  a^SO/xs,  system.  There  are  several  advantages  of  using  such  cathodes  as  an 
electron  beam  source  in  gyrotrons  including  increased  beam  quality,  low  velocity  spread  and  a  well-defined 
and  controllable  spatial  beam  distribution.  Further  advantages  He  in  the  ability  to  operate  such  cathodes  gated, 
long  pulse  or  DC,  Treating  the  cathode  and  grid  as  a  simple  RC  network  predicts  possible  gating  frequencies 
>  IMHst.  Previous  cold  cathode  gyrotrons  have  been  operated'*  at  fUll  power  (-'6MW  mm  rave  output)  at  a 
repetition  frequency  of  330Hz  that  was  limited  by  the  power  supply.  Utilising  FEA’s  promises  ultimate 
repetition  frequencies  three  orders  of  magnitude 
beyond  this,  as  the  gating  frequency  is  not 
related  to  the  switching  speed  of  the  HT  power 
supply. 

FEAs  fabricated  at  QEC  consist  of  silicon 
emitters  approximately  2pm  high  with 
approximately  lOnm  tip  radlF.  These  are 
incorporated  into  a  dl^e  configuration,  as 
shown  in  Figure  1,  with  silicon  cathode  tips 
and  a  metal  grid  separated  by  ~1.5/xm  SiO]. 

The  tips  are  fabricated  from  n-type  Si  (1(X))  by 
a  self-aligned  technique  which  ensures  that  the 
apex  of  the  silicon  emitters  is  at  the  centre  of 
the  circular  grid  aperture.  The  grids  are  O.S^m  thick  sputtered  niobium  and  the  diameter  of  the  grid  holes  is 
typically  2^m. 

Due  to  the  sensitivity  of  these  micron-dimensioned  FEAs  to  contamination,  ultra  high  vacuum  ( ~  10‘'°mbar) 
test  systems  have  been  developed  at  both  OEC  and  Strathclyde  University.  These  systems  allow  1/V 
measurements,  testing  methods  of  vacuum  recycling  and  vacuum  conditioning  experiments  to  be  undertaken. 
Since  the  operating  environment  within  the  gyrotron  is  high  vacuum  ( ~  10^'mbar)  rather  than  ultra  high  vacuum, 
it  has  been  necessary  to  measure  the  emission  characteristics  of  field  emission  arrays  under  such  vacuum 
conditions. 

In  a  working  gyrotron  cathode  many  of  these  FEAs  will  be  operating  simultaneously.  Experiments  were 
therefore  undertaken  to  investigate  the  emission  characteristics  of  multiple  arrays.  Figure  2  shows  the  I/V 
characteristics  of  combinations  of  three  100  tip  arrays  operated  with  each  cathode  held  at  the  same  potential. 
These  arrays  were  chosen  such  that  they  had  well  matched  I/V  characteristics  and  in  this  case  it  was  possible 
to  achieve  maximum  currents  of  -0.8NI,  where  N  was  the  number  of  arrays  and  I,  the  maximum  emission 
current  of  any  one  array.  These  efficiency  factors  were  obtained  with  each  array  having  a  common  cathode 
potential.  In  a  gyrotron  cathode  the  efficiency  factor  is  expected  to  be  even  higher  as  each  array  will  be 
addressed  individually. 


^Orld  hole  diem.  2)im 
y  ^  O.&fim 

l>6pm 

Figure  1.  Schematic  diagram  of  silicon  tips  and 
niobium  grid. 
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Several  Important  criteria  must  be  met  If  these  devices  are 
to  be  used  in  a  working  gyrotron.  Results  show  that  FEAs  are 
considerably  more  robust  than  expected  in  terms  of  vacuum 
changeover  and  can  be  easily  transported  without  degradation 
of  emission  performance.  Several  chips  have  now  undergone 
up  to  10  vacuum  recycles,  with  no  measured  degradation  in 
the  maximum  emission  current.  FEA  performance  under 
differing  vacua  (10‘‘'’-»l&^mbar)  showed  that  the  emission 
current  was  largely  unaffected,  implying  that  the  resulting  Ion 
bombardment  at  these  pressures  was  not  great  enough  to 
produce  large  changes  In  emitter  geometry.  The  arrays  under 
test  showed  no  sign  of  degradation  after  68  hours  continuous 
operation  at  10'''mbar  argon.  These  performance  characteristics 
satisfy  the  requirements  of  a  working  gyrotron. 


Results  from 
three  types  of 

devices  (a)  100  tip  (b)  1000  tip  and  (c)  8000  tip  arrays,  show 
an  increase  in  emission  current.  Peak  currents  of  (a)  8/iA  (b) 
300/tA  and  (c)  SOO/xA  per  array  respectively  were  measured. 
With  ever-improving  fabrication  techniques  and  better 
understanding  of  the  ideal  FEA  operating  conditions,  emission 
currents  of  ~  16mA  from  30,000  tips  are  now  attainable. 
Figure  3. 

Considering  the  required  cathode  parameters  to  build  a 
working  gyrotron  namely,  beam  current  ~  100mA,  gating 
voltage  ~  lOOV,  accelerating  potential  ~80kV,  emission  area 
~  l.Scm^  annular  beam  distribution,  operating  vacua  - 10'" 
mbar  and  a  cathode  lifetime  of  ;e  100  hours  -  these  devices  in 
many  instances  already  meet  the  required  criteria.  The 
operating  currents  needed  may  be  obtained  via  modest 
extrapolation  of  both  multiple  chip  and  multiple  array 
experiments.  Recent  high  current  results  imply  that  a  FEA  gyrotron  cathode  incorporating  16  of  these  devices 
would  give  an  emission  current  greater  than  100mA  as  necessary  for  the  operation  of  such  a  novel  device. 
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Figure  2.  I/V  characteristics  of 
IxlOO(n),  2x100  (+)  and  3x100  (O) 
tip  arrays. 
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Results  are  reported  of  plasma  formation  in  the  diode  of  a  pulsed  cold>cathode  gyrotron.  Streak 
photography  has  been  used  to  provide  direct  evidence  of  certain  aspects  of  the  plasma  behaviour.  When 
coupled  to  measurements  of  the  simultaneous  millimetre  wave  ou^ut  of  the  gyrotron  and  the  collapsing 
electrical  impedance  of  the  diode  gap,  these  experiments  demonstrate  Uie  r61e  of  the  plasma  in 
terminating  the  millimetre  wave  output  pulse.  Complementary  experiments  have  used  high  speed 
framing  photography  to  observe  the  spatial  distribution  of  the  cathode  'hot  spots*  as  a  function  of  the 
insulating  magneUc  field  strength,  during  the  low  vol^e  arc  discharge,  subsoiuent  to  the  termination 
of  the  gyrotron  output,  These  diagnostic  techniques  have  been  applied  to  investigate  the  suitability  of 
different  cathode  materials  as  plasma  flare  sources  for  high  power  gyrotron  oscillators. 

The  cold-cathode  gyrotron  using  a  two-electrode  field  immersed  diode  has  been  regarded  as  a  ’single 
shot*  microwave  source  in  contrast  to  the  MIG  conflgured  devices  using  thermionic  cathodes  capable 
of  very  long  pulse  or  D.C.  operation.  Interest  in  cold  cathode  gyrotrons  has  been  spurred  by  recent 
experiments  demonstrating  ^e  possibilities  of  operating  these  devices  at  high  pulse  repetition 
frequencies'  ( -  300Hz)  whilst  maintaining  high  power  outputs  •<'  6MW,  and  the  inherent  simplicity  and 
robust  nature  of  the  plasma  flare  cathode,  with  beam  currents  >  lOOA. 

In  the  plasma  flare  gyrotron  the  maximum  duration  of  the  millimetre  wave  output  pulse  is  limited  by 
plasma  disnipUon  of  the  diode  geometry,  As  the  plasma  expands  outwards  from  the  cathode  so  the 
required  compression  of  the  electron  beam  increases.  The  distortion  of  the  beam  results  in  Inferior 
spatial  coupling  between  the  waveguide  mode  and  electron  beam.  Ultimately  the  oscillations  will 
terminate  when  the  relativistic  electron  beam  (which  is  essential  to  the  gain  mechanism)  is  grossly 
distorted. 

It  was  the  aim  of  these  experiments  to  obtain  a  better  understanding  of  the  fundamental  processes 
occurring  at  the  cathode.  Specific  objectives  were  to  establish  if  use  of  different  cathode  materials  could 
significantly  enhance  either  (a)  the  PRF  performance  of  the  gyrotron  (where  load  matching  of  the  diode, 
-’2000  with  a  stainless  steel  cathode,  and  the  power  supply  are  of  great  importance),  (b)  the 
reproducibility  and  stability  of  the  millimetre  wave  output  pulse,  and  (c)  the  maximum  duration  of  the 
millimetre  wave  pulse. 

The  photographic  observations  of  the  cathode  were  made  by  placing  a  high  speed  camera  at  the  output 
window  of  the  gyrotron  and  focusing  along  inside  the  waveguide,  thereby  forgoing  the  necessity  of 
potentially  detrimental  modifications  to  the  gyrotron^  Streak  photography  of  the  cathode  was  achieved 
using  a  Hadland  IMACON  300  camera  operating  typically  at  SOns/mm  giving  a  2^3  observation  time. 
Using  a  series  of  calibrated  optical  time  reference  signals,  the  millimetre  wave  output  of  the  gyrotron 
couU  be  compared  synchronously  on  the  same  timescale  as  the  photographic  observations.  Such  a 
result  is  shown  in  Figure  1. 
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Figure  1.  Streak  photograph  of  plasma  formation  with  simultaneous  millimetre  wave  output  pulse, 
plotted  on  the  same  horizontal  time  axis.  Circles  show  spatial  location  of  cathode  (inner)  and  anode. 


Framing  photographic  observation  of  the 
cathode  was  obtained  using  a  Hadland 
IMACON  790  operating  at  2x10*  frames  per 
second  during  the  later  low  voltage  arc 
discharge  phase  of  each  pulse.  By  acljusting  the 
waveguide  magnetic  field  and  observing  the 
effect  upon  the  illumination  of  the  cathode,  the 
experiments  revealed  the  spatial  structure  of  the 
electron  emission,  Such  a  photograph  is  shown 
as  Figure  2,  The  frames  are  separated  by  500ns 
with  100ns  exposure.  The  waveguide  magnetic 
field  was  3,3T.  The  results  obtained  from 
these  experiments  are  consistent  with  the 
screening  effect^ 
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Abstract 

A  non-adlabatic  electron  gun  has  been  designed  for  a  35  QHs,  100  kW  gyrotron.  A  50  kV,  10  A  laminar 
electron  beam  has  been  achieved  with  a  perpendicular  to  parallel  velocity  ratio  of  1.9  for  a  perpendicular 
velocity  spread  as  low  as  0.4%  (optics  and  space  charge),  ^tensive  numerical  parameter  studies  have  been 
performed  to  Investigate  the  constraints  and  performance  of  the  gun. 

Introduction 

A  crltlcsl  element  of  the  gyrotron  is  the  electro-optical  system^  that  must  generate  a  high>quality  helical  beam 
with  a  sharply  defined  partition  of  electron  energy  between  rotation  and  streaming  energy  along  a  magnetic 
field.  The  approaches  for  generating  electron  beams  used  in  gyrotrons  have  fallen  into  two  classes.  In  the 
Arst,  the  beam  is  created  initially  with  a  transverse  velocity  component.  Most  gyrotron  devices  are  based  on 
such  a  scheme  that  employs  an  ^ectron  gun  called  the  magnetron  injection  gun,  a  crossed-Aeld  emitter  that 
consists  of  a  conical  shaped  cathode  surrounded  by  a  control  electrode.  In  the  second  method  I*),  a  rectilinear 
Aowing  beam  is  generated  Arstly  and  then  is  passed  through  a  non*adlabatlc  modulation  region  where  the 
beam  experiences  a  transverse  force  that  imparts  to  the  particles  rotational  velocity. 

In  that  paper,  a  non<adlabatic  gun  for  a  35  QHs  gyrotron  is  presented.  The  gun  operation  is  examined  by 
use  of  a  numerical  simulation  code  Including  the  effects  of  space  charge  and  self  magnetic  Aelds.  Results 
indicate  how  the  electron  velocity  ratio  and  the  velocity  spread  are  affected  by  variations  in  the  modulation 
anode  voltage  and  the  magnetic  Aeld  at  the  emitter. 

Qun  Geometry  and  Operation 

The  eletrode  system  along  with  electron  trajectories  is  shown  in  Fig.  1,  where  the  cathode  structure  comprises 
a  right  cylinder  attached  to  a  Aat  wall.  The  emitter  surface  consists  of  a  concentric  ring  with  a  emission 
loading  of  3.1  A/cm^  for  a  10  A  beam.  A  stepped  iris  anode  closing  around  the  cathode  provides  a  modulation 
region  where  the  Aowing  beam  experiences  a  sharp,  non>adiabatic  change  of  electrostatic  Aeld  and  much  of 
the  electron  velocity  is  converted  to  orbital  velocity  round  the  guiding  centers.  Notice  that  this  double-anode 
gun  does  not  require  ceramic  structures,  thus  avoiding  the  use  of  ceramlc-to-metal  sealing  techniques  for  its 
construction. 

Results  and  Conclusion 

Numerical  simulations  have  been  performed  exploring  the  pwametric  dependence  of  the  10  A,  50  kV  beam 
parameters  (electron  velocity  ratio  a*,  transverse  velocity  on  the  modulation  anode  voltage  Va  and  cath¬ 
ode  magnetic  Aeld  Bi,.  Transverse  and  axial  velocities  of  twenty-one  representative  electrons  were  recorded  at 
the  Anal  position  in  the  beam  tunnel  i  ■  140mm,  where  most  of  the  electric  Aeld  acceleration  is  completed. 
The  effects  on  as  and  0x,k  of  varying  the  control  parameters  Va  and  Bk  are  shown  in  Figs.  2  and  3.  Both 
the  velocity  ratio  and  the  transverse  velocity  follow  the  scaling  law  V. as  the  axial  velocity  is  quite 
insensitive  to  the  control  parameters  variation,  being  restricted  to  the  short  Interval  /3||,s  =  (404  ±  4)10'^  u 
a2  <  1  for  all  the  cases  examined  here.  It  was  also  verlAed  that  the  anode  voltage  has  a  lower  bound  V,  > 
18  kV  posed  by  space-charge  constraints,  since  below  that  voltage  value  the  space-charge-llmlted  current 
becomes  less  than  the  operating  current  of  10  A.  The  perpendicular  velocity  spread  deAned  as 

the  standard  deviation  normalized  to  the  mean  value,  as  function  of  V,  is  displayed  in  Flg.4.  As  shown  by  the 
Bk  B  0.7  kQ  curve,  the  velocity  spread  is  remarkably  small  for  voltage  values  around  25  kV.  In  particular,  at 
Va  s  26.5  kV  the  corresponding  beam  parameters  are  as  «  0.2  and  /9x,s  ^  5.5  x  lO'^  with  a  relative  velocity 
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spread  of  0.4%.  On  compression  by  an  increase  in  magnetic  field  to  a  value  £«<•«  12.7  kO  at  the  entrance 

to  the  cavity,  these  pyameters  result  in  Oeav  »  1.9  and  -  0.36  according  to  the  adiabatic  equations 
Pi,cav  =  and  (1  +  l/a2,J/(l  +  1/ai)  = 

In  conclusion,  a  non-adiabatic  electron  gun  able  to  generate  a  10  A,  60  kV  laminar  beam,  with  a  perpen¬ 
dicular  velocity  spread  as  low  as  0.4%  (optics  and  spMe  charge)  and  an  electron  velocity  ratio  of  1.9,  has 
been  designed  for  a  35  GHz  gyrotron.  Presently,  further  parameters  such  as  anode  positioning  and  additional 
velocity  spread  effects  due  to  the  emitter  surface  roughness  and  cathode  temperature  are  being  Investigated, 
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Fig.  1,  Electrode  system  along  with  electron  trajectories  Flg.3,  Perpendicular  velocity  spread 

and  equlpotentlal  lines.  Modulation  anode  and  beam  m  function  of  Bk  and  V.. 

tunnel  voltages  are,  respectively,  20  kV  and  50  kV. 


Fig.  #.  Normalised  trasnvorse  velocity  ufunc-  PI,.  4.  E|,ct,on  velocity  ratio  as  function  of 

tion  of  the  cathode  magnetic  field  {Bk)  V.  and  17*.  Mirroring  (for  a  cavity  mag. 

and  the  modulation  anode  voltage  (V.).  field  -  12.7kG)  is  indicated  by 

hatched  segments. 
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Abatract 

A  cold  fluid  model  Is  used  to  Investigate  Instabilities  associated  with  a  velocity  shear  due 
to  the  elgenflelds  of  a  relativistic  electron  beam  [1]  Inside  the  beam  tunnel  of  a  gyrotron. 
Results  are  used  to  supplement  the  Information  provided  by  a  stationary  particle*in‘cell 
code  In  order  to  simulate  time  dependent  effects.  General  statements  concerning  the 
sitiblllty  of  such  an  electron  beam  system  are  possible. 

Genaral  Introduction 

In  a  gyrotron,  an  annular  electron  boam  propagates  In  a  waveguide  with  an  applied  mag¬ 
netic  field.  The  resonant  Interaction  of  the  cyclot*‘on  rotation  of  the  electrons  with  a  wav¬ 
eguide  mode  feeds  energy  from  the  electrons  to  the  wave  [2].  A  homogeneous  electron 
beam  Is  needed  to  obtain  a  good  efficiency. 

At  KfK  a  porticle  In  cell  code  (BPCPIC)  [3]  Is  used  for  simulating  plasmas  In  techniclal 
devices.  It  uses  boundary  fitted  ooordinatos.  Curved  boundaries  can  be  treated,  but  only 
stationary  fields  are  calculated.  Work  on  adapting  this  rode  for  simulations  of  MIG  guns 
is  In  progress  [dj.  Instead  of  calculating  time  dependant  fields  directly,  we  attempt  to  si¬ 
mulate  some  time  dependant  effects  by  adding  an  analytical  model. 

Analytical  modal  and  stationary  stafa 

Wn  consider  a  metal  tube  with  a  hollow  electron  beam  Inside.  The  electron  density  no(r) 
Is  Input  data.  The  stationary  state  consists  of  the  following  fields; 

no(f‘),  0o('').  Bo(r),  Vo(r) ,  yo(r)  (1) 

and  Is  determined  by  the  equation  of  motion  for  a  cold,  relativistic  electron  fluid 

nlr-ff  ?  -  ['’i  "  -iiT  [«  +  '  X  s]  ■  (2) 

the  energy  balance  (y(r)  -  1)m,  c*  »»  e  0(r)  and  Maxwell's  equations  V  £  «  -Ijj-, 

V  fl  0,  curls  "  ihj  I-  -h-OiE  and  curl  £  »  -d,B, 

c* 
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Stability  analyals 

In  order  to  Investigate  the  stability  of  the  above  described  stationary  state  [5],  we  Intro¬ 
duce  peilurbatlons  of  the  following  form 


l(r,f?,0  »  io(/')  -I-  (/•)e'<'*'^“‘"')  (4) 

and  similarly  for  (\v{r)  and  dn{r)  and  plug  them  Into  the  above  described  equations. 
After  lengthy  manipulations,  we  arrive  at  a  2  x  2  system  of  ordinary  differential  equations: 

('(/•;  6), /I, )  «  A{r\(L),X)li{nw,X)  -I-  a(r:  o),  A)  ^(r:  w,  A) , 

(6) 

A)  -«  C(/‘: 0), A) Ctr: 0), A)  +  D(r:w, A)i!(r:tu, A). 

where  C{r)  Is  proportional  to  <3fo  and  {  Is  a  combination  of  HE,  and  SBt,  The  boundary 
conditions  are  ((r)  and  {(r)  are  nonslngular  at  r  »  0  and  COW/)  -  0>  For  a  given  value  of 
A,  this  Is  only  possible  for  special  values  a>  »  6)(A).  It  Is  well  known,  an  Instability  can  oc¬ 
cur  when  Im  a>  >  0. 


f^aaults 

The  results  of  this  analysis  are  the  dispersion  relation  a>{A)  and  the  profile  of  the  pertur¬ 
bation  fields  SEo(r),  dE,{r)  and  <38, (r).  The  growth  length  Lg,ow,  defined  as  L„ow  »  Is 
the  distance  which  the  beam  travels  until  the  fields  grow  by  the  factor  a.  ^ 

One  example  for  AhI  and  typical  gyrotron  parameters  </>a«<75KV,  r,«,»n9mm, 
Tm,,,,- 3,6mm,  /(,„»!  "ISA  this  length  «  O.07ni  when  8,^^, -1.28T  and  1.78m 

when  Btppi  -  4T. 

These  large  values  of  Indicate  that  the  diocotron  Instability  probably  has  only  a  slight 
effect  on  the  quality  of  tho  electron  beam.  It  is  planned  to  Investigate  the  effects  of  velocity 
spread  and  magnetic  compression. 
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ELECTROSTATIC  EFFECTS  ON  THE  QUALITY  OF  GYROTRON  BEAMS* 

J.L.  Vomvoridis,  K.  Hizanidis,  LG.  Tigelis^  and  D.I.  frantzeskakis* 

Department  of  Electrical  and  Computer  Engineering 
National  Technical  University  of  Athens 

1.  Introduction 

An  explanation  for  the  discrepency  between  the  calculated  and  the  measured  performance  of 
gyrotrons  lies  in  the  possible  development  of  electrostatic  waves  in  the  electron  beam  before  it 
en  ers  the  gyrotron  cavity.  From  our  research,  aiming  at  assessing  this  possibility  and  proposing 
re.  ^^dial  action,  we  report  here  our  results  on  the  case  of  Langmuir  waves,  which  may  develop  by 
their  coupling  to  slow  TM  modes  supported  by  the  beam  channel.  Both  the  cases  of  quasi- 
unitbrm  and  of  nonuniform  guide  magnetostatic  field  have  been  addressed  analytically.  In 
addition,  computer  simulations  have  been  prepared,  in  which  the  trajectories  of  fast  electrons  are 
followed  in  the  fields  of  slow  TM  waves  in  die  beam  channel.  The  results,  which  are  in  good 
agreement  with  the  analytical  ones,  are  not  reported  here,  due  to  space  limitations. 


2.  Quasi-uniform  System 

The  phase  of  an  electron  relative  to  the  Langmuir  wave  varies  to  zero  order  according  to 

(p*®’ =(p(,+kz-oojdz/v^,°^(z)  (1) 

where  v‘°*(z)  describes  the  variation  of  the  axial  velocity  under  cyclotron  motion  in  the 
magnetostatic  field,  There  are  situations,  where  a  linear  approximation, 

a  <Po  +  kz  -  (OZ  /  V,  =  (Po  +  (coz  /  c)  (2) 

with  an  appropriate  value  for  v^  eo',  gives  errors  (p-ip  less  than  n/2,  Under  such  conditions,  the 
system  can  be  well  approximated  by  a  uniform  system,  with  the  magnetostatic  field  taken  at  the 
value  which  correspond  to  V2,efr.  From  the  linear  analysis,  the  starting  current  is  obtained. 


2/ 


F,u(0=[l-coi4-0-54sin^]/^’ 


(3) 


with  ^=Aeff((oz/c).  The  nonlinear  analysis  ha.s  yielded  the  inverse  of  the  dimensionless 
characteristic  nonlinear  length, 

IC  =  [Uie/(l  +  u’)]‘'^  ;  6=eE/mccij  (4) 

and  the  nonlinear  efficiency, 


Tlni  =Pi(Yo-Y,)/(Yo-0[1-co8(PjKcoz/c)]  ;  y,  =[(l  +  ui)/(l-(o' /kV)]‘'^  (5) 

Here,  is  the  value  of  y  at  the  vortex,  while  pi  and  pi  appiopriate  numerical  coefficients  of 
order  1,  to  be  obtained  by  fitting  from  the  numerical  simulations.  In  addition,  the  temperature 
developed  on  the  beam  is  obtained, 

8Y  =  2q[u^E/(l  +  ui)]'^^  =qY  (6) 
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where  q  is  a  coefficient  oi  order  1,  to  be  obtained  numerically,  Finally,  these  results  have  been 
related  to  the  ratio  I/Imin-  The  results  for  the  saturation  level  (for  Pi“0.5),  for  the  temperature  (for 
q=l)  and  the  efficiency  are  shown  in  Figures  1-3. 


3.  Nonuniform  System 

When  the  approximations  in  Sec.2  fail,  i.e.  when  is  not  within  nil  of  the  exact  value  of  (p, 
then  the  slope  dB/dz  of  the  magnetostatic  field  is  incorporated  explicitly  in  the  equations.  In  the 
small-signal  regime,  the  quantity  of  relevance  is  found  to  be  the  ratio  A-Ao/na,  where 

Ao  =  kc/£D-Yo/u,o  (7) 

-  (Yo^io !  2nuJo  )(dB  /  dzKc  /  co)  (8) 

In  this  case,  the  starting  current  is  still  given  by  (3),  except  that  the  resonance  ftmction  is 

now: 


(9) 


F  [8(A)  +  g(A  -  x)][l  -•  co8(nx( A  ~x  /  2))]  [f ( A)  -  f ( A  -  x)]Bin(wx(A  -  x  /  2)) 

2nx^ 

where  f  and  g  are  the  auxilliary  functions  for  the  Fresnel  integrals  and  x»a(oz/c.  The  maximum  of 
this  function  and  the  corresponding  value  x^^  are  shown  in  Figure  4.  It  can  be  seen  that  a 
substantial  reduction  in  F^u^^gx  ^  substantial  increase  in  the  value  of  I„|„)  occurs  only  when 
A<1,  i.e.  for  very  strong  nohuniformity. 

Similarly,  the  quantity  of  relevance  in  the  high- 
signal  regime  is  found  to  be  the  ratio  R^na^/K^. 

Although  the  analysis  has  so  far  not  been  completed 
to  reach  quantitative  results,  the  following  interim 
conclusions  have  been  obtained; 

a)  If  R«1  or  K(1-R2)1^2({oz/c)<27i,  then  the 
situation  is  almost  identical  to  that  of  the  quasi¬ 
uniform  system. 

b)  If  R^l  and  K(l-R2)i/2(o)2/c)»2n,  then  a 
substantial  separation  of  trapped  and  untrapped 
electrons  occurs  in  phase-space,  which 
corresponds  to  very  large  spreads  in  y* 

c)  If  R>1,  no  trapped  electrons  are  present  and  the 
spread  in  y  appears  to  scale  with  the  inverse 
square  root  of  dB/dz. 
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lOOHz  FRF  CARM  Experiment 


SJ  Cooke,  SN  Spark,  W  He  and  ADR  Phelps 


Department  of  Physics  and  Applied  Physics 
University  qf  Strathclyde 
Glasgow,  G4  ONG,  U.K, 


Details  are  presented  of  the  Strathclyde  University  Cyclotron  Autoresonance  Maser  (CARM)  experiment.  The 
specification  and  device  characteristics  will  be  reported  for  CARM  oscillation  in  the  12-20  GHz  band.  In  contrast 
to  previously  reported  CARM  devices‘'^  pulse  repetition  frequencies  (PRF)  greater  than  100  Hz  have  been 
employed.  For  applications  to  plasma  heating  and  plasma  diagnostics,  where  large  average  powers  are  required, 
pulse  repetition  rates  of  at  least  this  order  are  necessary. 

The  CARM  interaction  promises  to  provide  a  means  to  achieve  high  power,  high  frequency  radiation  in  the  mm- 
wave  region.  Its  advantages  for  this  purpose  arise  from  the  large  Doppler  frequency  upshift  over  gyrotron  devices 
and  the  autoresonant  nature  of  the  interaction,  leading  to  high  efficiency  and  low  magnetic  field  operation. 

The  characteristics  of  the  CARM  oscillator  described  are  summarised  in  Table  1: 


1.  For  this  device,  a  highly  relativistic  electron  beam 
is  desired,  since  the  interaction  ftequency  is  upshlfted 
according  to 

characteristic  of  a  relativistic  ftee  electron  device.  For 
a  given  frequency  of  oscillation,  this  relaxes  the 
requirement  for  a  large  B-field  in  cyclotron  devices 
and  extends  the  accessible  frequency  range. 

2.  To  achieve  high  pulse  rate  operation  in  this 
experiment,  a  low  cavity  B-fleld  was  chosen  for 
continuous  operation.  Nevertheless,  with  moderate 
Doppler  upshift,  this  translates  to  mm-wave  generation 
around  IS  GHz. 

3.  The  lowest  cylindrical  cavity  mode  (TE,,,)  was 
selected,  being  most  accessible  at  low  magnetic  fields 
and  least  susceptible  to  parasitic  excitation  of  lower 
frequency  backward-wave  and  gyrotron  Interactions. 


Accelerating  potential 

500-700  kV 

Electron  current 

100  A 

Relativistic  factor,  y 

2.0  -  2.4 

Cavity  magnetic  field 

0.3- 0.38  T 

Cyclotron  frequency,  w, 

3  -  4  GHz 

Doppler  upshift  factor 

4-7 

Operating  frequency 

12  -  20  GHz 

Bandwidth 

2-3  GHz 

Power  in  TE),,  mode 

5MW 

Pulse  duration 

100  ns 

Pulse  repetition  frequency 

100  -  300  Hz 

Table  1;  CARM  specification  details 


Autoresonance,  the  compensation  of  the  increase  in  cyclotron  frequency  (due  to  energy  loss)  by  a  reduction  in 
the  Doppler  upshift,  allows  the  Interaction  to  remain  close  to  resonance  through  a  significant  transfer  of  electron 
energy  to  the  EM  Held.  Theory  predicts  a  possible  conversion  efficiency  of  up  to  20-30%,  though  this  has  not 
yet  been  achieved. 
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Figure  1;  Schematic  outline  of  CARM  oscillator 

The  CARM  oscillator  design  Is  depicted  schematically  in  tlgure  1,  and  comprises  four  identifiable  components: 

1 .  Recent  developments  in  cable  pulser  technology  are  employed  to  provide  the  'dOOlcV  pulsed  cathode  potential, 
at  up  to  100  Hz  PRF  or  greater’.  The  electron  source,  an  enhanced  field  emission,  cold  cathode,  In  a  simple  diode 
conflguratlon  as  shown,  may  be  operated  in  field-free  or  fleld-lmmersed  modes.  An  anode  aperture  was  chosen 
to  maintain  uniformity  of  the  electron  beam. 

2.  Within  the  drift  region,  the  beam  is  transported  axially,  and  adiabatically  compressed  to  6mm  diameter. 
Currents  of  lOO-lOOA  may  be  transported  through  the  drift  region  to  obtain  a  low  emlsslvlty  electron  beam. 

3.  The  kicker  colls  Impart  a  transverse  velocity  to  the  beam,  via  resonant  interaction  with  a  spatially 
inhomogeneous,  anadiabatic  magnetic  field  configuration,  to  obtain  the  helical  trajectory  prerequisite  for  CARM 
interaction.  The  novel  design  depicted  was  developed  to  operate  within  the  power  limitations  associated  with 
continuous  operation.  This  design  exhibits  good  uniformity  across  the  beam,  and  pitch-angle  tunablllty  over  a 
wide  range  of  beam  energy  and  interaction  conditions. 

4.  The  interaction  cavity  is  defined  within  a  cylindrical  OFHC  copper  wavepide,  with  Bragg  reflectors  providing 
high  reflectance  ends  to  give  a  large  overall  cavity  Q-value.  The  Bragg  section  exhibit  excellent  beam  transport 
characteristics,  while  providing  selective  feedback  necessary  to  excite  the  convective  CARM  instability. 

By  modelling  electron  trt^jectorles  within  each  component,  including  space-charge  effects,  the  beam  parameters 
were  optimised  to  give  narrow  velocity  and  energy  distributions.  Experimental  data,  from  both  electron  beam  and 
millimetre-wave  diagnostics,  will  be  compared  with  numerical  predictions. 

Acknowledgements 

We  would  like  to  thank  the  SERC  for  support  of  this  work.  D.M.Parkes  and  K.Trafford  provided  encouragement 
and  stimulating  discussion, 

References 

1.  V.L.Bratman,  0.0. Denisov,  M.M. Ofitserov, S.V. Samsonov,  O.V.  Arkhipov,  V. I. Kazacha,  A.K.Krasnykh.E.A.Perelsteln 
and  A.V.Zamril,  1992,  "Cyclotron  autoresonance  maser  with  high  Doppler  frequency  up-conversion",  IntematiomlJournal 
of  Infrared  and  Millimeter  Waves,  13,  1857-1873. 

2.  S. Alberti,  B.Q.Danly,  O.Oulotta,  E.Oiguet,  T.Kimura,  W.L.Menninger,  J.L.RulIlerand  R.J.Temkin,  1992,  "High-power 
Cyclotron  Autoresonancs  Maser  (CARM)  experiments",  Proc.  17th  International  Cotference  on  Infrared  and  Millimeter 
Waves,  SPIB  1929,  128-129. 

3.  S.N. Spark,  A.W.Cross  and  A. D.R. Phelps,  1992,  "Sub  ^-second  diode  recovery  time  and  330Hz  PRF  measurements", 
Proc.  1 7th  International  Cotference  on  Infrared  and  Millimeter  Waves,  SPIE  1929,  466-467. 


464  Thl.9 

Effect  of  beam  geometric  deformation  on  the  propertiea  of  ECRM 

Yu  YongJIan 

University  of  Electronic  Science  and  Technology 
Department  of  Electronic  Engineering 
Chengdu  iPeople*s  Republic  of  China 


1.  INTRODUCTION 


Practical  electron  beama  are  aubjeot  to  various  kinds  of  errors  relative  to  the  Ideal  one.  In  particular!  there 
would  be  eccentric  errors  due  to  the  deviation  between  the  symmetric  axis  of  the  beam  and  that  of  the  waveguide  tend 
geometric  deformation  errors  caused  by  the  non— axlsymmetry  of  the  beam  croes— section.  In  order  to  quantitatively 
analyze  the  effect  of  these  kinds  of  geometric  deformation  errors  on  practical  gyrotron  small— signal  characteristics  In 
a  general  sense  «ln  this  paper  firstly  Is  proposed  the  elllptioal  ring  beam  geomatlo  deformation  model  and  then  is  set  up 
the  kinetic  theory  that  describes  the  Interaction  between  the  elliptical  ring  monoenergetlc  hollow  beam  and  the  TBmr 
mode  travllllng  wave.  Finally  .taking  the  TBIi  mode  fundamental  cyclotron  BCRM  an  example.ls  presented  the  quan¬ 
titative  relationship  between  the  ECRM  coupling  coefficient  and  the  geometric  errors  for  elliptical  ring  beams  with 
•mall  ecoeotrlclty  and  small  focus— waveguide  axes  deviation. 


2.  DERIVATION  OF  DISPERSIVE  RELATION 

Consider  the  BCRM  configuration « shown  in  Fig.  1  •  of  elliptical  ring  cross  —  section  monoenergetlc  hollow 
beam.  The  waveguide  Is  a  circular  cylinder.  All  electrons  In  the  beam  have  equal  longitudinal  momentum  and  total  en¬ 
ergy  .and  the  gyro— center  of  electron  are  distributed  uniformly  along  the  elllptioal  ring  Et moreover. the  symmetric 
axis  of  the  waveguide  doM  not  coincide  with  the  fool  of  B. 

The  equlllbibrium  distribution  function  for  the  ellip¬ 
tical  ring  cross— eeetlon  *eold'  e— beam  Is  given  by 

vT=7fi  '  1  4-  ioos<9»  -  m) 

dCn  —  r(,o)d(y^  —  y//o)  (1) 

where  s  and  Rq  Is  the  eccentricity  and  half  of  the  major- 
axis— length  of  E.  respectively!  the  meaning  of  other 
symbols  are  Identical  with  those  appeared  in  [1].  Hence¬ 
forth  .  the  meaning  of  any  symbol  undeclared  Is  Identical 
with  its  counterpart  In  [1]. 

Adopting  the  method  used  in  [1].  one  can  obtain 
the  ECRM  dispersive  relation  for  the  elliptical  ring  cross 
—section  beam  i  and  it  Is  seen  that  though .  formally,  the 
relation  obtained  Is  Identical  with  that  for  the  general  Ide¬ 
al  beam  ECRM .  their  corresponding  dispersive  coefficients  are  quite  different 

The  BCRM  coupling  coefficient  for  elliptical  ring  beam  Is  given  by 


Fit.  1. 


Crow— asclioNol  ysometry  o/  tlUptioal 
ritif  b$am  SCUM.  (Od^  "*d ) 


If., 


2n 


«  -  «)]|*  '  )* 


(2) 


1  +  tooan  .oosfl' 

where  y-o/lo  (1— e*).  Z ^k,i  •  Eq.  (2)  indicates  that  is  always  greater  than  naught. 

Due  to  the  non— axlsymmetry  of  the  beam  the  expreselons  for  Q.,  and  V.,  are  much  more  complicated  than  their 
counterparts  in  the  ideal  beam  case. 


3.  FORMULAE  SIMPLIFICATION 


As  far  as  discussing  the  effect  of  beam  errors  In  engineering  is  concerned .  only  those  cases  with  small  beam  er¬ 
rors  arc  of  great  interest.  Under  practically  operational  conditions.  1.  e.  «  t<l  and  d/Ro<l  .the  general  dispersive 
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coefficient  expreiilons  obtained  above  is  simplified  to 

TT.,  -  +  tX,co8^  +  «*[X,  +  1/2  •  X4  •  ooe(2^)]) 

in  which  is  referred  to  as  the  normalized  coupling  coefficient! 


(3) 


A,  -  1/2  I;  Ji..<3‘)C<l  +  i*  -  ?'  +  a*  -  2d)JU(J)  +  VrXtG)  +  PJ^,(P>J' .-,(?)]. 

am  *mtm 


7  «  X'  «,Cffo/av)(4/ffo)«  P  -•  a 9k  •  is  the  supplementary  angle  to  ZO'  OF«  here 

being  refeered  to  as  the  beam  direction  angle. 

When  estimating  ths  effect  of  beam  errors  in  engineering*  to  manifest  dominant  facts  and  save  computational 
burden  •  it  still  can  be  approximated  that 

0  (4) 


4.  NUMERICAL  CALCULATION  AND  DISCUSSION 


The  simplified  formulae  presented  above  can  be  applied  to  analyze  the  effect  of  some  practical  beam  geometric 
deformation  errors  on  the  small— signal  characteristics  of  the  ECRM  or  gyrotron  quantitatively.  For  a  given  Oit.  the 
effect  of  the  beam  geometric  deformation  errors,  which  are  measured  by  t  .  d/Rtand  t|)  in  the  case  of  elliptical  ring 
beam,  on  ECRM  is  refected  directly  by  the  (normalized)  coupling  coefhoient  Jfmi  (or 

Hereby,  os  an  simple  and  useful  example,  we  present  quantitatively  the  relationship  between  1.  d/Roand  \|i  . 
and  TEti  mode  fundamental  ECRM  normalized  coupling  coefficient  fl»|. 

Viewing  from  Fig.  1.  it  is  seen  that  the  beam  symmetric  axis  would  approach  the  axis  of  the  waveguide  as  ^ti 
tends  to  180°.  Particularly. in  the  cases  that  d/Ro'-f  .when  4)  ■■180°. the  two  axes  coincide  with  each  other.  Conse> 
quently  •  from  Table  1 .  it  Is  shown  that  beam  geometric  errors  always  result  in  the  decrease  in  the  TE{i  mode  funds* 
mental  ECRM  coupling  capacity  .and  the  greater  the  errors,  the  more  severe  the  reduction  would  be  1  and  on  the  other 
hand  •  in  the  case  of  equal  beam  geometric  deformations » the  greater  the  deviation  of  the  beam  symmetric  axis  from 
that  of  the  waveguide,  the  more  severe  the  coupling  capacity  reduction  would  happen. 


5.  CONCLUSIONS 


In  the  paper  the  analytical  expression  describing  the 
effect  of  elliptical  ring  beam  geometric  deformation  errors 
on  the  small— signal  characteristics  of  the  TEL  mode  har¬ 
monic  ECRM  is  derived  (and  also  is  established  the  quanti¬ 
tative  relationship  between  the  small  beam  geometric  de¬ 
formation  errors  and  the  coupling  coefficient  of  the  TESi 
fundamental  ECRM. 
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Tab.  1  Influences  of  0  and  d/Ro  on  Hoi  .in 
cases  of  4S°.  90°.  135°.  and  180°.^ 


^.l\» 

0.0 

0.  1 

0.2 

0.3 

0.0 

0.  3386 

0.  3346 

0.  3237 

0.  3084 

0.  1 

0.  3346 

0.  32^0 
0.  3262 
0.  3307 
0.  3362 
0.  3386 

TOT" 

0.3100 
0.  3200 
0.  3602 
0.  3346 

0.  287*4 

0.  2926 

0.  3061 
0.3181 

0.  3236 

0.2 

0.  3228 

0.  3047 
0.  3089 
0.3192 
0.  3299 
0.  3344 

Titsr 

0.  2903 
0.  3092 
0.  3292 
0.  3377 

Twr 

0.  2717 

0.  2966 
0.  3209 

0.  3320 

0.3 

0.  3046 

0.  2ill 
0.  2868 
0.  3012 
0.3162 
0.  3226 

0.  2662 
0.  2663 
0.  2923 
0.  3206 
0.  3328 

0.  2363 
0.  2478 
0.  2804 
0.3166 
0.  3327 

DEStUN  AND  PERFORMANCE  OF  94-OHt  HIGH  POWER 
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ABSTRACT 

Four-cavity  gyroklyttron  haa  boon  built  and  toatod  in  pulao  oporationt  At 
tha  TE^^  cavity  aodo  output  poMor  6B  kU|  officloney  SfiKi  gain  about  3B  dB 

a;id  bandwidth  OtBF  woro  obaorvod  .Maxiauo  officioncy  34)i  haa  boon  aehiovod 
with  output  pewor  87  kWi 


S. DESIGN 

A  triodo  lagnotron-injoet ion-typo  gun  waa  utiliiad  to  produeo  a  hollow 
annular  oloetron  boon  with  a  currant  of  3-8  A  and  a  boaa  voltago  of  88  kVt 

Tho  Taioring  codo  waa  uaod  to  optioito  an  oloetrodo  ahapoai  Tha  aioulation 
prodietod  a  tranavorao  voloeity  aproad  of  SON  with  voloeity  ratio  a  ■ 

li73  whan  tho  anodo  voltago  ia  oqual  to  0|3  Tho  nooinal  oagnotic  fiold 

in  tho  intoraction  rogion  waa  3.7  T  and  tho  valuo  of  oagnotic  eonproaaien  waa 
B8i  Tho  eathodo  coil  waa  uaod  to  control  tho  boai’a  voloeity  ratio* 

A  achooatie  viow  of  tho  RF  circuit  togothor  with  tho  longitudinal 
diatribution  of  tho  eonatant  oagnotic  fiold  ia  ahown  in  Fig. l*Tho  circuit 
conaiata  of  four  circular  eavitioa  operating  in  tho  TE^^  oodo  at  tho 

fundaoontal  .cyclotron  froquoney.Thoao  eavitioa  woro  aoparatod  by  drift 
longtha  (  L:  ai  8\,  whoro  \  ia  tho  oporating  wavolongth  )|  which  wore  cut 

off  at  tho  oporating  froquoncy  for  TE^  oodo  and  other  high-order  oodea.  Tho 

optioal  paraoetora  of  tho  eavitioa  doaignod  with  the  help  of  tha  nonlinear 

theory  of  tho  gyroklyatren  *  woro  following  i input  cavity  -  0^"  180t 

i.3X|  intoroedlato  eavitioa  -  Q^at  Q^at  880,  L^at  1.8\,  output  cavity  ~  " 

300,  ai  8X.  Tho  drive  algnal  waa  introduced  to  tho  firat  cavity  through  a 

ayatoo  of  four  alita  in  tho  wall  of  tho  cavity. The  input  RF  pewor  waa 
aupplied  by  a  100  /jb,  100  U  oretron  which  waa  oochanieally  tunable  froo  98.8 
to  94.8  OHi.  Tho  gyroklyatren  waa  operated  at  a  pulao  repetition  frequency  of 
8  Hi  and  a  pulao  duration  of  100  A^a. 

3. EXPERIMENTAL  RESULTS 


Figure  8  plota  loaaurod  depondoneioa  of  output  power  and  officioncy  on 
boao  current.  Boaa  and  anodo  voltagoa,  input  power  level  were  fixed  and  all 
ether  paraeotora  -  driving  aignal  frequency,  oagnotic  fiolda  in  tho 
Intoraction  rogion  and  cathode  rogion  -  were  adjuatod  to  laMioiie  the  output 
power  at  each  data  point.  Tho  peak  officioncy  waa  34)1  and  the  largeat  power 
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cf  AbOMt  68  kW  oceurid  at  4iS  A.  FlgtS  thowi  tht  dtptndtnciti  of  output  pewir 
•nd  gain  on  input  powtr.  Tht  ptak  taturatad  gain  wat  about  33  dB  and  in  tht 
ranga  of  taall  input  powtr  Itvtla  gain  achitvtd  40  dB.  Tht  dtptndtnct  of 
output  powtr  on  drivt  frtqutncy  at  fiMtd  btat  and  anodt  voltagtti  currant, 
input  powtr  and  optiaal  othtr  paraattart  it  illuttratad  in  PiBt4.  Tht  optiaal 
frtqutncy  ■  93.16  GHa  wat  clott  to  tht  '*eold*'  tightnfrtquaney  of  tht 

output  cavity.  Half-powtr  bandwidth  datarainad,  priaarily,  by  tht  Q-faeter  of 


circuit  and  lagnttie  flald  btaa  eurrtnt  (  BBkV, 


input  powtr  <  BBkV,  3.4A  )  frtqutncy  I  V^m  SBI<1»,  3. 4fi,  40W  ) 
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ABSTRACT 

A  method  of  analysing  a  two*diode  mounting  structure  of  a  milUmeter-wave  mixer,  using  commercially  available 
high’flrsqusney  structure  simulation  software,  is  presented.  The  method  yields  an  equivalent  circuit  representation 
suitable  for  subsequent  mixer-simulation  and  can  be  transferred  to  analyM  other  mounting  geometries. 

1.  INTRODUCTION 

In  1870  Kerr‘  presented  a  method  of  analyelng  two-diode  mixers  like  balanced  or  subharmonically  pumped  mixers. 
Ae  a  key  part  for  a  realistic  mixer  analysie  one  neede  to  know  a  suitable  representation  of  the  diodes'  embedding 
circuit.  Especially  the  parasitic  circuit  elements  which  are  determined  by  the  special  diode  mounting  geometry  are 
difficult  to  predict  or  to  meuure,  Bowever,  they  may  have  signiflcant  influence  on  the  mixing  performance,  as  Ksrr’ 
showed  for  example  for  the  seriM  inductance  of  mixer  diodes. 

In  this  paper  a  method  is  presented  to  analyse  a  two  diodes  mounting  structure  of  a  subharmonically  pumped 
mixer  using  a  commercial  electromagnetic  simulation  product,  the  High  Frequency  Structure  Simulator  (HFSS)  of 
the  Hewlett-Packard  Company.  The  electromagnetic  behavior  of  the  ftill  three-dimenoional  mounting  structure  is 
simulated  by  HFSS  under  different  states  of  the  diode  conductance.  In  a  Ncond  stop  respectlvs  equivalent  circuits 
are  fitted  simultaneouily  to  meet  the  simulated  performance. 

a.  STRUOTURB  ANALYSIS 

The  configuration  analysed  exemplarily  in  this  paper  is  schematically  shown  in  Fig.  i.  The  two  Sohottky  barrier 
notch  ftont  diodsa  ate  antiparallsl  shunt  mounted  on  a  suspended  substrate  stripline  (SSS).  This  structure  is  used 
in  a  142  OHs  mixer  scaled  firom  a  design  dencribed  by  Carlson  at  al.*  For  the  embedding  geometry  the  equivalent 
circuit  representation  shown  in  Fig.  2  seems  to  be  reasonable.  The  whiskers  contacting  the  anode  of  the  diodes  are 
expected  to  contribute  series  inductance  Li  and  Lt  to  the  embedding  circuit.  The  mounting  pads  together  with  the 
diodes  themselves  are  expected  to  contribute  some  parallel  capacitance  Ci  and  It  is  also  reasonable  to  allow 
some  magnetic  coupling  between  the  whiskers  in  form  of  a  mutual  inductance  M  and  an  electric  coupling  between 
the  mounts  represented  by  an  additional  capacitance  Cs  as  shown  in  Fig.  2. 

HFSS  is  capable  of  calculating  S-parameters  of  arbitrarily  shaped  multiport  structures,  where  the  ports  have  to  be 
outer  pianee.  The  mounting  structure  is  analysed  as  a  discontinuity  on  the  SSS  where  ftem  structure  to  structure  the 
conductances  of  the  diodes  are  varied,  e.  g.  any  combination  (a  total  of  four)  of  short  circuiting  or  open  circuiting 
either  diode  is  chosen.  Three  different  whisker  lengths  are  analysed  (fwau.  ■  78 /4m,  106 /im,  134 /im),  which  cover  the 
possible  range  in  the  present  layout.  Dielectric  and  conduction  losses  were  neglected  to  reduce  the  calculation  time 
required  for  the  field  simulations. 

From  the  results  of  the  field  simulations  of  the  structure  as  shown  in  Fig.  1  the  impedances  of  the  discontinuity 
in  the  respective  states  of  conducting  b.'^d  nonconducting  diodes  are  calculated.  An  optimisation  algorithm  of  a 
commercial  circuit  simulation  software  product  (MDS  of  Hewlett-Packard  Company)  Is  used  to  And  the  equivalent 
circuit  parameters  of  Fig,  2  which  meet  the  field  simulation  results.  These  optimisations  are  performed  for  different 
frequency  ranges  separately.  1st  range  (IF):  2  to  20  QHs,  2nd  range  (LO);  68  to  70  OHs,  3rd  range  (RF):  140  to  160 
QHs. 
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3.  RESULTS 

Thn  results  of  the  optimisations  are  summarised  in  Tab.  1.  Excellent  agreement  between  the  Held  simulations  and 
the  equivalent  circuit  performance  couid  be  achieved  with  reasonabie  equivalent  circuit  parameters.  The  mounting 
structure  is  found  to  be  nearly  symmetric  with  respect  to  the  diodes.  The  equivalent  circuit  parameters  are  slightly 
dependent  on  the  frequency-range.  Especially  at  lower  frequencies  a  signiflcant  magnetic  coupling  M  between  the 
whiskers  has  to  be  taken  into  account.  At  higher  frequencies  the  electric  coupling  Cs  becomes  signiflcant. 


At  Air 
Bi  Quarts 
C:  ‘  hfetalliiatien 
D:  Notch  Front  Diode 
Bi  Whisker 


Figure  1:  Two-diodu  mounting  structure,  top  cover  of  SSS  removed. 


Figure  2;  Equivalent  circuit  of  two~diode  mounting  structure. 


Table  1;  Equivalent  circuit  parameters  determined  by  structure  simulations. 
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Abitract 

A  novel  phoUithographio  technique  hai  been  developed  for  the  ftbrteation  of  Amdamental  mode  metal  pipe  waveguide  for 
operation  at  ftequenclei  between  3000Hz  and  ■^2THz.  The  guldet  are  formed  on  a  Mmlconductor  lubetrate  and  hence 
a^ve  devloee  such  as  Schottky  or  Resonant  Tunnelling  Diodes  ( RTD )  may  be  Inooiporated  within  them. 

littraductkm 

In  recent  yean  there  has  been  a  growth  of  Interest  In  systems  working  in  the  millimetre  to  sub>milllmetre  region  of  the 
spectrum,  A  limitation  to  the  number  of  uses  that  hive  so  for  been  identlfled  Is  the  lack  of  a  convenient,  ooet-effootlve 
waveguide  media  in  which  these  systems  may  be  designed .  At  present  most  devices  working  at  ftequendes  In  exoeu  of 
3000Hz  employ  rectangular  waveguide  and  devices  are  normally  incorporated  within  this  using  the  cIimIc' cats  whisker* 
mount.  In  most  cases  this  has  proved  quite  suocessfol  due  to  the  low  parasltlcs  associated  with  the  whisker.  The  method 
does  however  have  two  mqjor  drawbadu.  The  lint  is  that  above  ~400QHz  the  dimension  of  Amdamental  mode  rectangular 
waveguide  becomes  so  small  that  fobrication  by  conventional  techniques  such  as  milling  or  elactroformlng  becomes 
increasingly  difficult,  time  consuming  and  consequently  costly.  Secondly  mounting  active  devices  such  at  schottky  or 
resonant  tunnelling  diodes  using  a  whisker  becomes  difficult  requiring  considerable  expertise  and  tinte  to  produce  a  contact 
whose  reproducibility  is  at  best  questionable. 

Above  ~300QHz  the  width  of  Amdamental  mode  waveguide  ( 1mm )  reduces  to  a  size  comparable  to  foatures  commonly 
and  accurately  produced  using  photolithographic  techniques.  A  novel  method  of  manufooturing  sub*mllllmetre  waveguides 
using  photolithography  is  thus  presented  and  a  method  for  incorporating  an  Integrated  active  device  Is  suggested. 

gibriflUhaiiirtliiHl 

The  process  used  to  fobiicate  the  waveguides  is  summarised  in  figure  1. 

The  base  substrate,  which  is  polished  so  that  It  is  optically  flat,  is  first  coated  with  an  evaporated  layer  of  NiCr/Au  u  shown 
In  fig  la, 

This  metal  layer  forma  the  base  wall  of  the  Anal  waveguide  and  must  therefore  be  much  thicker  than  the  skin  depth  at  the 
operating  Aequency  in  order  to  prevent  excessive  power  lou. 

A  thick  layer  of  photoresist  is  then  applied  to  the  substrate.  The  thlckneu  of  this  layer  determines  the  height  of  the  Anal 
w  aveguide  and  must  therefore  be  of  the  order  of  several  tens  of  microns.  This  Is  appreciably  thicker  than  a  standard  spun 
layer  which  has  a  maximum  thickness  of  less  than  10  microns.  The  maximum  thicknoM  produced  thus  for  has  been  80 
microns.  This  corresponds  to  a  quarter  height  guide  for  use  at  3000Hz  or  a  Aill  helgltt  guide  at  ITHz. 

The  guide  Is  deflned  in  the  photoresist  using  standard  photolithography  techniques  (figure  Ic )  to  produce  resist  1x^1' 
(figure  Id) .  These  act  as  formers  over  which  the  top  arid  tide  walls  of  the  waveguide  are  produced. 

This  Is  achieved  by  again  coating  the  substrate  with  an  evaporated  layer  of  NlCr/Au  and  then  gold  plating  to  a  thickness  of 
more  than  IS  microns.  The  plating  It  necessary  so  that  the  guide  will  not  oollapee  when  the  resist  former  it  removed.  This 
it  done  by  Arst  opening  the  ends  of  the  guide  using  selective  wet  etching  and  than  dissolving  the  resist  in  an  appropriate 
solvent.  The  thin  resistive  layer  of  NiCr  may  then  be  removed  fh>m  the  Inside  surftoe  of  the  guide  walls  by  wet  etching. 
This  leaves  an  alr*Alled,  gold*walled,  Amdamental  mode  rectangular  guide  whose  top  and  bottom  walls  are  effoctively 
foatureleu  since  they  lake  on  the  surfoce  Anish  of  the  substrate  and  the  resist. 
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The  end  of  a  guide  made  by  the  technique  outlined  above  ia  shown  in  flgure  2.  The  waveguide  has  dlmensioni  of  400x30 
microns.  In  this  case  the  guide  is  6mm  long  which  corresponds  to  approximately  ten  guide  wavelengths  at  6000Hz.  This  is 
not  the  greatest  length  that  can  be  produced  .  The  limit  is  only  set  ^  the  area  of  uniform  resist  that  can  be  produced  and 
the  size  of  the  illuminating  area  on  the  mask  aligner. 

Aside  (Irom  the  ease  with  which  such  waveguides  may  be  produced  compared  with  more  traditional  machining  techniques, 
another  advantage  lies  in  the  ability  to  produce  complicate  waveguide  circuits.  The  guide  width  and  path  may  easily  be 
varied  to  any  2D  design  which  can  be  produced  on  a  photomask.  Figure  3  shows  a  test  structure  that  has  been  produced . 
This  is  flsbrlcated  in  quarter  height  600QHz  guide. 

Perhaps  the  most  useftil  property  of  waveguides  produced  by  the  above  method  is  that  they  can  be  easily  formed  on  the  top 
of  Mmlconductor  substrates.  This  would  allow  active  devices  to  be  incorporated  within  the  guide  using  a  'whisker-like* 
plated  via  hole  ftom  the  base  substrate  to  the  top  wall.  This  would  produce  the  equivalent  of  a  whiskered  device  mount, 
with  similar  parasitics,  but  which  can  be  manufootured  in  comparatively  large  numbers. 

The  fobrication  method  also  lends  itrelf  to  producing  either  several  separate  systems  on  a  single  chip  or  several  separate 
devices  within  a  single  waveguide.  This  may  be  of  use  in  the  production  of  mixer  and  RTD  arrays  respectively. 


Figure  1 :  Waveguide  fobrication  process.  Figure  2 ;  End  view  of  a  waveguide  ( 400  x  50  microns ) 


Figure  3  ;  Waveguide  test  structure.  Figure  4  :  Proposed  whisker  structure. 
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Abstract 

Dealgni  for  a  new  generation  of  high  perfomnance 
quail'Optical  millimeter-wave  beam  control  arrayi  are 
presented.  Through  the  use  of  low  loss  coplanar 
waveguide  bias  lines  and  Improved  proceailng  techniques, 
wide  bandwidth  switching  arrays  and  narrow  bandwidth 
beam  steering/focusing  arrays  are  under  development  with 
predicted  modulation  rates  in  exceu  of  1  GHz. 

Introduction 

Monolithic,  quasl-optical  diode  array  beam 
controllers  have  now  successfully  demonstrated 
numerous  beam  control  array  functions,  including  beam 
steering,  beam  focusing,  phase  modulation  and  amplitude 
modulation  [1|2].  Such  arrays  can  provide  high  speed 
electronic  scanning  at  millimeter-wave  bequencies  for 
use  In  millimeter-wave  imaging  systems,  or  may  be 
employed  as  light  weight,  high  speed  Dioke-swltch 
radiometers.  The  use  of  tens  of  thousands  of  varactor 
diodes  gives  the  array  a  high  power  handling  capability. 

Beam  Switching  Arrayi 

Beam  control  arrays  operated  in  transmission  mode 
may  be  used  to  amplitude  modulate  a  millimeter-wave 
beam.  This  Is  achieved  by  varying  the  dc  bias  placed  upon 
each  of  the  high  frequency  varactor  diodes  In  the  diode 
array,  which  in  turn  varies  the  array  impedance  and  hence 
the  array  transmission.  Although  not  designed  for  high 
speed  switching,  such  an  array  has  been  successfully  used 
to  amplitude  modulate  a  transmitted  beam  at  Idd  GHz 
with  a  measured  modulation  response  thatls  observed  to  be 
flat  out  to  50  MHz,  with  a  3  dB  point  of  «  ISO  MHz  [1], 


Figure  1.  Experimental  beam  transmittance  as  a  function 
of  amplitude  modulation  frequency  for  the  array  of  [1]. 


High  bandwidth  quasi-optical  switching  arrays 
capable  of  modulation  rates  in  excess  of  S  GHz  are  now 
under  development,  achieved  by  configuring  the  array  as  a 
series  of  low  lots  coplanar  waveguide  lines  along  which 
the  control  signals  travel.  Bach  control  line  is 
terminated  by  a  SO  O  resistor  that  has  been  fabricated 
monollthically.  Simulation  results  for  one  such  array 
show  a  contrast  ratio  (the  ratio  of  the  transmitted  power 
when  ON  to  the  transmitted  power  when  OFF)  of  at 
least  20  dB,  with  an  average  Insertion  loss  of 
approximately  3  dB, 


Figure  2.  Minimum  and  maximum  beam  transmittance  u 
a  frinction  of  rf  frequency  for  a  high  speed  switching 
array. 

Beam  Steerlng/Focuiing  Arrays 

Beam  control  arrays  operated  in  reflection  mode  may 
be  used  to  phase  modulate  a  millimeter-wave  beam.  Such 
beam  phase  shifters,  biased  to  provide  a  linear  phase 
progression  across  one  axis  of  the  array,  can  provide 
eleoironic  scanning  for  use  in  millimeter-wave  imaging 
applications.  Biasing  the  array  to  provide  a  quadratic 
phase  progression  acrou  one  axis  of  the  array  can  liitewise 
cause  the  array  to  act  as  an  electronically  controlled  focal 
length  mirror.  Figure  3  shows  that  limited  levels  of 
beam  steering  (±6*)  and  beam  focusing/defocusing 
functions  have  now  been  demonstrated  at  120  GHz  [2].  It 
should  also  be  noted  that  the  same  high  switching  sp^ 
that  were  achieved  for  the  amplitude  modulation 
experiments  are  applicable  here  for  beam  steering  and 
beam  focusing/defocusing  functions. 
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Figure  3.  E<pUne  pattemi  at  120  QHz  for  (a)  beam 
steering,  and  (b)  beam  focusing. 


The  limited  angle  steering  and  focualng/defocualng 
functloni  achieved  by  the  array  of  Pig,  3  was  achieved 
with  an  array  with  a  useable  phase  range  of  •  70*.  This  is 
nearly  the  best  that  can  be  achieved  using  a  single  grid 
reflection  phase  shfter  urray.  By  stacking  two  arrays 
together,  however,  it  becomes  possible  to  achieve  a 
useable  phase  range  in  excess  of  270*,  which  is  the 
minimum  useable  phase  range  required  [3]  for  successful 
beam  stoerlng/focusing/defocuslng  operation. 

Computer  simulations  show  that  It  should  be 
possible  to  fabricate  a  two>grid  reflection  phase  shifter, 
consisting  of  two  identical  beam  control  arrays  stacked 
atop  on  another  and  backed  by  a  perfectly  reflecting 
mirror,  with  a  270*  phase  range  with  minimum  power 
loss.  For  example,  the  high  speed  switching  array  design 
discussed  earlier,  designed  solely  for  transmission  control 
at  very  high  frequencies  (110  220  QHz  bandwidth),  is 
seen  to  work  surprisingly  well  as  a  reflection  mode  phase 
shifter/beam  steorer  array.  With  suitably  chosen  wafer 
thicknesses,  simulations  show  that  this  array  could 
acliievo  a  270*  phase  range  at  60  GHz  with  an  average 
insertion  loss  of  only  0.6  dB  and  a  maximum  Insertion 
loss  of  only  1.1  dB. 


Conclusions 

Quasi-optical  millimeter'WBve  beam  control  arrays 
have  been  shown  to  be  an  exciting  new  technology  with 
appllcatluns  in  a  variety  of  fields.  At  this  point  in  time, 
we  are  Just  beginning  to  explore  the  vast  range  of 
configurations  and  control  structures  [4,5]  that  are 
possible  using  this  technology,  such  as  the  use  of 
monolithically  Integrated  Schottky>barrier  photodiodes 
to  allow  optical  boaim  control  rauier  than  electrical  beam 
control.  In  conjunciion  with  a  suitably  modulated  light 
source,  this  design  should  allow  beam  control  on  a 
picosecond  time  scale  with  a  simple  biasing  arrangement 
and  leu  suscepuibllity  to  electromagnetic  noise. 
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ABSTRACT 

A  Fabry-Perot  resonator  with  a  grooved  mirror  (Fig,  1)  has  been  used  for  coherent  power 
combining  of  active  elements  in  the  millimetre  and  submillimeter  wave  region.  The  elements  are 
mounted  on  the  mirror  which  acts  as  an  impedance  matching  circuit  as  well  as  a  heat  sink,  promising  a 
high  power  operation  of  the  elements.  In  this  paper,  equivalent  circuits  of  the  resonator  with  two- 
terminal  (Ounn  diodes)  and  three-terminal  (HEMTs)  elements  are  presented. 

HEMT  OSCILLATOR 

Fig.  2  shows  schematic  drawing  of  the  grooved  mirror  with  HEMT  array.  For  that  conflguration  of 
the  grooved  mirror  and  for  a  TEMqo  mode  field  disHbution  in  the  resonator,  the  equivalent  circuit  is 
considered  as  shown  in  Fig  3  when  referring  to  Ref.  2.  If  an  operating  wavelength  is  much  larger  than  a 
height  d  of  the  grooves,  the  lead  inductance  Lr  and  the  parasitic  capacitance  Cr  are  considered  as 
lumped  elements,  simply  being  calculated  these  values  from  a  size  of  the  metal  leads.  The  fringing 
capacitance  Cp  can  be  also  calculated  by  analyzing  the  fleld  distributions  at  the  surface  of  the  grooved 
mirror  [3].  The  groove  Impedance  is  represented  by  xti/(25),  where  s  is  the  spacing  between  the 
HEMTs  and  Zo  is  the  impedance  of  the  free  space.  is  the  impedance  corresponding  to  a  coupling 
loss  at  the  output  mirror  including  the  other  cavity  losses.  Using  the  equivalent  circuit,  an  oscillating 
frequency  is  determined  by  using  S-parameters  of  a  HEMT  and  the  oscillation  condition,  VgVi  ■!. 

In  order  to  examine  a  validity  of  the  equivalent  circuit,  an  oscillating  frequencies  have  been 
measured  experimentally  for  a  HEMT  oscillator  with  3x3  transistor  array.  The  HEMTs  used  were  type 
NE-32684A  (NEC)  which  operates  up  to  18  GHz.  The  experimental  results  are  shown  in  Fig.  4.  The 
solid  lines  represent  the  calculated  oscillating  frequencies  obtained  h'om  the  equivalent  circuit.  has 
been  adjusted  to  agree  with  the  oscillation  frequency  ratige  in  the  experiment.  From  Fig.  4,  it  is  found 
that  the  equivalent  circuit  have  well  explained  a  variation  of  the  oscillating  frequency  as  a  function  of  a 
cavity  length  in  the  HEMT  oscillator. 

GUNN  DIODE  OSCILLATOR 

Fig.  S  shows  an  equivalent  circuit  of  a  Gunn  diode  oscillator.  In  order  to  design  the  Gunn  diode 
oscillator,  an  admittance  of  the  Gunn  diode  in  oscillation  must  be  determined  for  a  diode  RF  voltage. 
An  admittance  of  a  waveguide  cavity  used  to  oscillate  a  Gunn  diode  has  been  measured  in  replacing  the 
diode  with  an  RF  probe  to  a  network  analyzer.  Fig.  6  shows  the  Gunn  diode  admittance  in  the  range 
from  42  to  48  GHz.  The  Gunn  diode  used  :n  this  experiments  is  Alpha  Industries,  Inc.  type  DGB8466. 

[1]  K.  Mizuno  et  al..  Electron.  Lett.,  vol.  24,  pp.  792-793, 1988. 

[2]  Z.  B.  Popovic,  Ph.  D.  Thesis,  California  Institute  of  Technology,  1990. 

[3]  H.  Kondo  et  al.,  IEEE  Trans.  Microwave  Theory  Tech.,  vol.  M'n'-40,  No.  5,  pp.  857-863, 1992. 
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Fig.  1  Schematic  drawing  of  the  grooved 
mirror  type  Fabry-Perot  oscillator. 
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Fig.  2  Configuration  of  the  grooved  minor  with 
HEMT  array. 

•  A  Exoariment 


Fig.  3  Equivalent  circuit  of  the  HEMT 
oscillator. 
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Fig.  4  Characteristics  in  the  HEMT  oscillator. 
The  solid  lines  represent  the  predicted 
frequency  changes  from  the  equivalent 
circuit. 


Fig.  6  Measured  Gunn  diode  admittance  for  Fig.  5  Equivalent  circuit  of  the  Gunn  diode 
various  output  power.  oscillator. 
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LEAKY  WAVE  CORRUGATED  DIELECTRIC  ANTENNA  FOR 
MILLIMETER  WAVE  APPLICATION. 

S.C.  Shrivantava  and  A.fC.Tiwarl 
Maulana  Azad  College  of  Technology,  Bhopal  -  462*007 

INDIA 


Abatract 

A  dielectric  corrugated  leaky  wave  antenna  has  bean 
developed.  Metallic  aidewalla  have  been  encorporatad  ao  as 
to  avoid  rac'.iation  losaea  from  the  antenna  parallel  to  ground 
plane  and  thus  the  minor  lobes  have  been  reduced.  Optimization 
of  the  antenna  has  been  done  using  computational  methods. 
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Optimizatioii  of  Coupling  between  H£|i-Waveguide  Mode  and  Gaussian  Beam 

T.  Oraubner,  W.  Kasparek,  H.  Kumrid 
Institui  fiir  Plasmaforachung,  UniveniUt  Stuttgart 
Pfaffenwaldring  31,  D-7000  Stuttgart  80,  Germany 

INTRODUCTION 

Megawatt  microwave  power  transmiaaion  systems  often  use  a  combination  of  quasi  optical  mirror  lines  and 
overmoded  corrugated  circular  waveguides.  The  optimum  coupling  between  a  free  space  Gaussian  beam  and  a 
corrugated  waveguide  can  be  achieved  by  particular  mode  mixtures  of  and  HE^  hybrid  modes  [1].  The 
wanted  amount  of  the  HE^2  ^  generoted  from  the  HE^j  in  a  corrugated  mode  converter  with  periodic 

diameter  variation  or  in  a  corrogated  taper.  In  a  previous  publication  [2]  the  design  and  first  measurements  on 
periodic  mode  converters  have  been  presented.  The  promising  detailed  measurements  (section  A)  of  those  rather 
long  devices  stimulated  the  development  of  very  compact  converters  •  i.e.  nonlinear  tapers.  Their  design  is 
presented  in  section  B. 


A)  MEASUREMENT  RESULTS  WITH  PERIODIC  MODE  CONVERTERS 


HE, a 
cont4nt 

Ut  ildetobe  at 
B*  /  H-pline 
(dB) 

X. 

pol. 

(dB] 

baam.waiat  w^i 
B-plane/H-plina 

theor. 

w„/a 

0% 

•28  /  -26 

•21 

0.59  /  0.61 

0.59 

2.5  % 

•32  /  •28 

•26 

0.54  /  0,55 

0..56 

-9% 

•37  /  -40 

•30 

0.49/0.50 

0.50 

-20% 

40  /  .38 

•31 

0.43  /  0.44 

0.43 

Table  1,  Summary  of  far  field  measurements 

(Wq  is  the  eff.  Oausslan  beam  mist  radius) 


The  mode  content  of  the  particular  HE<i  -  HEt2 
mixturasi  a)  97.5%>f2.5% ,  b)  91%+9%  and  c)  W%f20% 
produced  by  different  optimized  convertero  have  been 
confirmed  by  k-spectrometer  measurements  [2].  Far  field 
measurements  yield  pronounced  reduction  of  sidelobes 
and  cross  polarisation  as  is  shown  in  the  example  of 
Fig.l.  Also  confirmed  is  the  calculated  reduction  of  the 
beam  width  [1].  The  results  are  summarized  in  Table  1. 


Measurements  of  coupling  between  the  waveguide  and  gauasian  beam  were  performed  with  a  resonator-technlque: 
the  plane  mirror  of  a  Fabry-Perot  resonator  is  replaced  by  the  mode  converter  with  a  back*short  (Fig.2).  The  design 


478 


Th2.6 


of  the  cavity  is  such  that  the  bean  waist  is  matched  to  the  waveguide  input  and  that  no  frae-space  modes  are 
degenerate  with  the  fundamental  TBMqq.  FVom  the  measured  free  spectral  range  (Avp)  and  the  half  width  of  the 
resonance  line  for  the  TEMqq  mode  (Av^^ )  the  finesse  of  the  resonator  (FaAvp/Avj}  can  be  determined.  The 
coupling  efflciency  r\  (Tab.2)  is  given  by  the  formula  ; 


3  + 


2J!« 


(1  + 


2F» 


1  -  2J2 


where  R  is  the  reflectivity  of  the  mirrors.  The  results  are  summarized  in  Table  2. 


Number  of 

11 

11 

beatwavelengths 

(meas.) 

(theor.) 

0 

0.9821.004 

0.980 

2 

0.998 

3 

0.9861.006 

Fig.2,  Experimental  set  up  to  determine  the  coupling 
e^iency 


Table  2.  Measured  coupling  efficiency  for 
dijferent  mode  converters 


A  clear  improvement  compared  with  the  coupling  of  a  pure  HE^  mode  is  achieved,  however  lower  than 
predicted.  The  reason  for  the  discrepancy  may  be  finite  precision  of  the  parts  used  and  the  alignment. 


B)  TAPER  DESIGN 

For  high  power  applications  where  a  large  waveguide 
diameter  is  needed,  periodic  mode  conveners  become 
very  long.  Therefore  compact  mode  convening  tapers 
have  been  designed  with  a  taper  profile  of  the  type 
proposed  by  Vlasov  and  Shapiro  [3]; 

4(z)  ■  >0  [1  't-  (z/a  k  a^^].  The  optimization  of  the 
taper  was  done  at  140  01b  with  different  diameters 
and  by  varying  of  a  in  the  formula.  For  example, 
with  a>0.15  one  obtains  the  mode  composition  as 
shown  in  Figure  3.  The  mode  mixture  at  the  output  is 
80%  and  20%  HE^2‘  waveguide 

diameters  of  87.0  mm  the  length  of  a  taper  giving 
similar  results  is  only  570  mm.  Measurements  with 
these  mode  conveners  are  underway. 

Figure  3,  The  mode  ctmposition  as  a  function  of  the 
axial  coordinate  in  an  optimized  taper 


Wiviguldi  Ridlui 


REFERENCES 


X  [mm] 


1.  Rebuff!,  L.,  Gaussian  Beam  Matching  to  a  Hybrid  Mode  Waveguide,  Repon  MPI IPP  Oarching,  1991 

2.  Oraubner  T.,  Kasparek  W.,  Kumrid  H.,  Design  and  Measurements  of  HE^^4-HE^2  Converters,  in 
17th  Int.Gonf.  on  Infrared  and  Millimeter  Waves,  R.J.Temkin,  Editor,  Proc.  SPIE  1929,  106,(1992). 

3.  Shapiro  M.A.,  Vlasov  S.N.,  Study  of  Combined  Transmission  Line  for  High  Power  Wave  Generated  by 
a  Gyrotron  in  the  Millimetre  Wavelength  Range,  Int.  J.  of  Electronics,  72  (1992),  1127-1133. 

Bom,  M.  and  Wolf,  E.,  1980,  Fundamentals  of  Optics,  Oxford:  Pergamon  Press. 


4. 


479 


Th2.7 


SLOTLINE  SURFACE-WAVE  LEAKAGE 
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Resonant  slot  antennas  can  be  used  in  arrays  to  realize  quasi-optical  SIS  mixers  for 
submillimetiic  applications.  Conclusions  about  surface-wave  leakage  of  the  slotline  and  its  incidence 
on  slot  antenna  radiation  will  be  drawn  from  a  transverse-resonance  analysis  of  the  slotline.  This 
analysis  is  based  on  the  use  of  mode-matching  on  the  sides  of  the  slot.  Measurements  on  30OHz 
models  will  be  compared  with  theory. 
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Mlcrostrlp  resonator  using  hlgh-Tc  superconducting 
thin  film  on  sapphire  substrates 
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ABSnUCT 

We  have  measured  very  low  microwave  losses  In  Y-Ba-Cu-0  fifth  wave  ring  re¬ 
sonators.  We  deposited  the  Y-Ba-Cu-0  film  on  (lOlZ)  non-buffered  sapphire  sub¬ 
strates  and  patterned  microwave  clrcultes.  Hlgh-Tc  mlcrostrlp  resonators  de¬ 
monstrated  bast  Q-f actor  greater  then  800  at  31  GHz,  corresponding  to  surface 
reslatences  less  than  3,0  mohm.  Indetleal  copper  resonator  showed  Q's  of  500 
and  surface  resistance  of  Z7  mohm.  We  show  that  the  losses  In  the  high  loss 
samples  can  be  accounted  for  by  the  presence  of  small  fractions  of  o-axls- 
allgned  grains  highly  misaligned  In  the  plane  of  those  films.  Volume  fraction 
of  highly  mlsagned  c-axls-orlented  grains  as  3%  lead  to  losses  above  3  mohm. 

1. INTRODUCTION 

Epitaxial  Y-Ba-Cu-0  (123)  films  of  high  quality  have  been  grown  on  substra¬ 
tes  such  as  SrTlO,  MgO,  YSZ  and  LaAlO  by  various  deposition  techniques.  It  Is 
known,  however, that  each  of  these  substrates  represent  some  kind  of  comproml- 

1 

se  .  From  practical  point  of  view,  the  substrate  like  sapphire  Is  the  most 
desirable  material  for  123  films  because  of  the  low  microwave  loss,  high 
mechanical  strength,  high  thermal  conductivity,  high  Debye  temperature,  good 
surface  chemistry  and  low  coat.  The  lattice  mismatch  and  reaction  of  Ba  with 
sapphire  are  the  main  obstacles  to  epitaxial  growth  of  123  films  on  sapphire. 
Epitaxial  Y-Ba-Cu-0  films  on  sapphire  with  good  critical  and  transport  proper¬ 
ties  were  demonstrated  by  Char  et  al^,  but  the  weak  epitaxy  and  high  surface 
resistance  of  the  films  have  led  to  conclusion  that  It  Is  necessary  to  use  a 
buffer  layer  between  the  substrate  and  123  film  to  Improve  the  epitaxial 

2 

match  and  to  reducechemlcal  reactions  between  substrate  and  film  .  Here  we 
report  the  substantial  improvement  of  microwave  properties  of  123  films  epita¬ 
xially  grown  on  non-buffered  sapphire  by  laser  ablation  technique. 

2.FILH  PREPARATION 

Our  deposition  system  will  be  described  in  details  elsewhere.  Briefly,  123 
targets  were  ablated  by  many-mode  Nd:YAG  laser.  The  pulse  energy  was  300  mJ, 

2 

the  pulse  duration  20  ns, the  average  beam  energy  density  4  J/cm  .The  distance 
of  the  target  and  the  substrate  was  6  cm  and  the  screenwas  placed  between  tar¬ 
get  and  substrate  in  order  to  protect  the  film  surfa-ce  from  droplets.  At 
a  pulse  repetition  rate  of  10  Hz  the  average  growth  rate  was  0,3  nm/s.  The 
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oxygen  pressure  was  0,6  Torr  and  the  substrate  temperature,  measured  with 

accuracy  5°C,  was  755-770°C.  There  latlvely  high  oxygen  pressurels  necessary 
to  produce  large  clusters  and  to  reduce  In  such  way  the  chemical  activity  of 
Ba  on  the  substrate  surface.  The  elevated  substrate  temperature  Is  required 
for  surface  mobility  of  large  clusters.  The  films  quality  was  sensitive  both 
to  substrate  temperature  and  oxygen  pressure. 

3. SUBSTRATES 

Among  1500  experiments  required  for  optimisation  of  film  growth  conditions 
only  300  were  carried  out  with  the  "fresh"  substrates.  In  other  cases  123 
films  were  removed  by  etching  and  used  again  so  that  any  substrate  was  utili¬ 
zed  two  or  three  times.  In  research  aimed  at  optimisation  of  growth  condi¬ 
tions,  the  asBesamant  of  the  films  quality  was  carried  out  by  dc  transport 
measurements.  No  difference  In  critical  properties  (Tc,  Tc,Jc  and  R300/R100  ) 
for  let,  Znd  and  3rd  depoaitlon  run  with  the  same  substrate  was  found.  In  op- 
pcd^te,  our  recent  x-ray  measurements  reveal  the  strong  dependence  of  volume 
percent  of  grains  misaligned  In  a-b  plane  on  substrate  surface  history  and 
surface  preparation  procedure.  The  summarised  volume  percent  of  grains  misa¬ 
ligned  at  various  angles  was  varied  from  0,5  to  5  %  for  different  samples.  For 
moat  samples,  the  distribution  of  misaligned  at  45  grains  was  not  uniform  and 
varied  from  0,1  */i  to  1,5  %  .  These  observations  Indicates  that  the  state  of 
substrate  surface  In  moat  cases  was  not  perfect. 

4. FILM  CHARACTERIZATION 

The  x-ray  diffraction  pattern  of  our  films  contains  only  (OOL)  sharp  peaks 
showing,  that  the  film  Is  highly  oriented  with  the  c-axls  perpendicular  to  the 

substrate.  The  FWHM  of  the  t005]  rocking  curve  was  In  the  range  of  1.3-2. 5° 
Some  general  parameters  of  samples,  used  for  microwave  meaaurumanta  and  de¬ 
vice  fabrication  are  represented  In  Tabel  1. 


Tabel  1  General  parameters  of  samples. 


Sample 

Tc  (R-0), 

B 

Jc, 

R300/R100 

Thickness, 

Ra,  mohm 

K 

Hi 

A/cm^ 

nm 

at  35  GHz 

A 

90 

B 

>  10^* 

3 

150 

3.5 

B 

at  77K 

at  S5K 

B 

89,3 

>  10^* 

3 

150 

10 

at  77K 

at  55K 

C 

89 

1.0 

5  < 

>  3*10® 

2.5 

150 

19 

at  77K 

at  S5K 

dc  -  transport  measurements. 
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S.HICROUAVE  HEASUREMENT8 

The  maaurementa  of  the  temperature  dependence  of  microwave  aurface  reaia- 
tance  were  carried  out  at  134  GHz  ualng  a  method  of  a  cylindrical  copper  boat 
cavity.  The  cavities  cavity  excited  In  the  TEqjj  mode,  In  detail  thla  method 

waa  reported  In  work^. Moreover,  the  temperature  dependence  of  Ra  waa  calcula¬ 
ted  from  the  meaaurementa  of  the  unloaded  quality  factor  Qo  of  the  cavity. 
Temperature  variation  between  10  and  ISO  K  waa  provided  by  warming  the 
cavity  In  vacuum  In  helium  cryogenic  ayatem.  The  temperature  wua  meaaured  with 
a  aemloonductor  realator  with  an  abaolute  accuracy  of  o.l  K.  Fig.l  ahowa  Ra 
va  T  for  our  three  fllma  (aample  A,B,C  In  Table  1)  meaaured  at  134  GHz. For 
oomparlaon  at  the  aame  figure  by  aolld  Una  la  plottedthe  temperature 
dependence  of  the  aurface  realatanoe  of  the  copper  cavity  walla.  ThiokneaB  of 
fllma  were  about  ISO  nm.  The  low  realdual  rezlatanoe  film  A,  taking  Into 
aooound  that  the  film  thlckneao  waa  lower  than  penetration  dapth  of  magnetic 
field,  ahowa  that  the  film  la  of  high  quality. The  calculated  value  of  Ra  at 
31  GHz  ualng  quadratic  frequency  dependence  of  Ra  la  repreanted  In  Table  1. 

6. DEVICE  FABRICATION 

The  123  film  waa  patterned  with  photollthograhio  technique  and  etched  with 
dilute  phoaphorlo  acid.  The  film  on  alpphlre  waa  coated  with  0.7  micron  FP-383 

poaltlv  photorealat.  The  photorealat  waa  then  baked  In  90  °C  oven  for  IS  min 
and  after  warda  waa  expoaed  42  a  ualng  a  Itl  contact  printer  ualng  UF  lamp. 
Then  111  diluted  developer  waa  uaed  to  develop  the  photorealat  for  about  10  a 

In  a  <  100  °C  over  for  30  min  atablllzad  the  reaiat  for  optimized  line  width 
control  during  the  123  wet  etch  In  a  diluted  aolutlun  phoaphorlo  aold.  After 
thla  etch,  the  photorealat  waa  atrlpped  In  acetone.  Fig. 2  ahowa  the 
temperuture  dependence  of  the  aurface  realatanoe  of  the  film  uaed  for 
mlcroatrlp  reaonator  fabrication,  that  waa  meaaured  by  reaonator  boat  cavity 
method  before  the  lithography  and  the  temperature  dependence  of  mlcroatrlp 
reaonator  Q-factor  of  the  patterned  film. 

7. MICROSTRIP  RESONATOR  MEASUREMENT 

Ring  reaonatora  were  dealgned  at  31  GHz  with  a  ring  Impedance  of  SO  ohm  and 
excited  In  TM^^  mode.  The  ring  dlamatr  waa  choaen  for  fifth  hurmonlc.  The  mlc¬ 
roatrlp  line  width  waa  0,24  mm,  the  mean  ring  diameter  waa  2,52  mm  for  aub- 
atrate  thlckneaa  0,24S  mm.  Coupling  gaps  provided  Inaertlon  loan  over  15  dB. 
Meaaurementa  of  the  tranamiaalon  coefficient,  made  at  temperature  range  10-100 
K,  were  uaed  In  standard  way  to  determine  unloaded  quality  factor  Q.  The  sub¬ 
strate  waa  placed  inside  a  copper  holder  on  the  cooler  of  vacuum  helium  cryo¬ 
stat  Inalde  the  vacuum  chamber.  The  mlcroatrlp  resonator  was  connected  with 
the  Input/output  tranamltion  llnea  by  a  wavequlde-to-mlcroatrlp  transition. 
Fig. 2  Bummarlzea  the  Q  data  obtained  from  films  A,  B,  C  and  Includes  the  Q 
data  of  analog  copper  ring  resonator  as  a  comparlalon.  Temperature  dependence 
of  Q  data  la  In  good  agreement  with  temperature  dependence  of  Ra  data. However, 
Q-factor  of  the  sample  A  la  higher  than  all.  It  la  explanad  that  the  results 
presented  here  wereobtalned  for  different  substrate  surface  defect  density 
(Na<Nb<Nc  for  aample  A,  B,  C,  respectively)  . 


483 


Th2.8 


a. CONCLUSION 

W«  consider  the  obtained  results  as  the  base  for  further  systematic  experi¬ 
ments.  Taking  into  account  the  nonuniformly  of  our  samples,  the  poor  quality 
of  substrate  preparation  on  present  state,  the  spatial  nonuniformity  of  laser 
beam,  the  faote  that  measured  films  were  not  thick  enough,  the  absence  of 
grains  miaorlented  in  a-b  plane  in  some  parta  of  the  beat  fllma,  we  can  con¬ 
clude  that  further  improvement  of  microwave  properties  of  123  films  epi¬ 
taxially  grown  on  non-buff ered  sapphire  la  still  possible. 


Research  la  supported  by  the  State  Programm  of  Ukraine  "The  High  Temperature 
Superoonduotlvi ty" 
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Microwave  Systems  Based  on  the  Effect 
of  Image  Multiplication  in  Oversized  Waveguides 

G.G. Denisov,  D.A.Lukovnikov,  and  M.Yu.Shmclyov 

Institute  of  Applied  Physics,  Russian  Academy  of  Science, 

46  Ulyanov  Street,  603600  Nizhny  Novgorod,  Russia 


A  narrowly  directed  wavebeani  ityccted  into  an  oversized  rectangular  waveguide  can  be 
presented  as  a  sum  of  eigenwaves.  Lach  of  them  is  transmitted  to  the  remote  cross-sectiont 
where  they  form  an  image  of  the  initial  wavebeam.  There  are  certain  distances,  where  the 
initial  profile  is  repeated  or  split  into  a  few  beams  witli  their  amplitude  profiles  identical  to 

the  initial  one  (11.  Any  initial  profile  is  repeated  at  the  distance  where  a  is  width 

of  the  waveguide,  X  is  wavelength.  The  synunetrioal  profile  is  repeated  at  and  split 

into  M  beams  at  (Fig.  1).  Non-symmetrical  input  of  a  wavebeam  results  in 

splitting  of  the  initial  wavebeam  into  non-equal  parts  (Fig.  2).  Similar  effects  can  be 
formulated  for  linear-sect orinl  waveguides  (Fig.  4). 

If  two  identical  wavcbcams  located  at  the  position  a/4  and  3a/4  are  inserted  at  the 

input,  three  wavebeams  will  be  formed  at  the  disumcc  (Fig.  3a).  Power  of  the 

central  beam  depends  oti  the  phase  difference  between  the  initial  beams  and  varies  fVom  0 
to  100%  (Fig.  3b). 

These  efTects  of  image  multiplication  in  an  oversized  waveguide  are  suggested  for  use  in 
various  microwave  elements  and  systems:  tunable  reflectors  and  attenuators,  multi-window 
output  systems,  directional  couplers,  wavebeam  scale  transformers,  resonators  for  free 
electron  moseis  (2). 

References: 
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Fig.3. 


Fig.4. 


Fig.l.  Diffraction  of  symmetrically  inserted 
wavebeam  in  a  plane  waveguide  (field 
intensity). 

Fig.2.  Non-symmetrical  input  of  wavebeam 
into  a  plane  waveguide. 

Fig.3.  a)lnterference  picture  of  two  identical 

wavebeams  with  phase  difference  (0.63 x)  in 
plane  waveguide. 

bllTie  fraction  of  the  power  in  the 
central  wavebeam,  as  a  hinction  of  the  phase 
difference  between  two  initial  beams. 

Fig.4.  Behaviour  of  symmetrically  inserted 
wavebeam  in  a  biseclorial  waveguide 
(intensity  levels). 
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Transmission-Reflection  Measurements  from  8  GHz  to  the  THz 


P.  Coy.  M.  OroMt  F.  Beck* 

AB  Millimetre,  52  rue  Lhomond.  73005  Paris,  France,  tel  (33  1)  47  07  71  00,  fhx  (33  1)  47  07  70  71 
*Univer8it4  de  Lille  1, 1.fi.M.N.,  S9655  Villeneuve  d'Ascq  Cedex,  France 


hUNlS  e-UBO  TVPICAU  DYNAMIC  RANOC 


IntroduetloH 

The  Millimeter  Vector  Network 
Analyzer  MVNA  8*350  haa  been  developped 
by  AB  Millimetre  since  1989.  It  was  shown  in 
operation  up  to  ca.  400  QHz  at  the  14th 
Infrared  A  mmWavei  Confbrence  at 
WUrzburg,  Germany,  in  October  1989,  and 
above  600  0Hz  at  the  ISth  IR  A  mmW 
Confsrence  at  Orlando,  Florida,  in  December 
1990  (1)  and  at  alt  lubiequent  IR  A  mmW 
Conferences  (in  1991  at  Lausanne,  Switzerland 
(2),  and  in  1992  at  Pasadena,  California). 

In  the  MVNA  8*350,  the  millimeter* 
submillimeter  power  is  extracted  from  a 
Harmonic  Generator  HG  by  ftaquancy 
multipiicatlon  of  a  source  8 j,  and  the  detection 
is  performed  in  a  Sohottky  diode  Harmonic 
Mixer  HM  fbd  by  a  source  S2.  The  HM  sends 
its  beat  frequency  F|f  into  an  heterodyne 
Vector  Receiver  VR.  A  main  oiolltator  defines 
the  frequency  ditArenoe  between  Si  and  S21  so 
that  their  relative  phase  noise  is  oanoeiled. 

When  using  the  same  harmonic  rank  N  on  the 

source  side  and  on  the  detection  side,  the  phase  noise  of  the  beat  at  P|f  is  also  negligible,  therefore  the  phase 
reference  of  the  VR  can  be  taken  directly  from  the  main  osoiiiator  (French  Patent  CNRS*BNS  1989,  extended  by 
AB  Millimetre  to  Europe,  Japan  and  the  USA). 

Depending  on  the  desired  dynamic  range  or  frequency  coverage  (FIg.l),  Si  and  S2  are  either 
centimeter  sweepers  feeding  flat  broadband  (Fig.  I  a)  or  tunable  (Fig.  lb)  millimeter  heads  HG  and  HM;  Si  can 
also  be  a  millimeter  Gunn  oscillator  followed  (Fig.lo)  or  not  (Pig. Id)  by  a  multiplier  HG.  Finally,  both  Si  and 
S2  can  be  millimeter  Gunn  oscillators.  In  Fig.le  is  shown  the  dynamic  range  of  a  system  using  two  Gunn 
oscillators  as  Si  and  S2,  with  the  possibility  of  using  all  3  liN  g  8  harmonics.  More  dedicated  systems  using  two 
Gunn  oscillators  can  reach  the  THz,  although 
without  the  flexibility  in  tho  choice  of  N. 


Transmtsston  mtasurmmts 

The  calibration  Is  obtained  with  HM 
directly  linked  to  HO  via  an  attenuator.  The 
DUT  Is  then  Inserted  between  HO  and  HM,  and 
Its  S21  or  S12  parameters  are  measured.  Flg.2 
shows,  ns  an  example  of  waveguide  component 
test,  the  frequency  response  of  a  band*pus  filter 
(by  courtesy  of  Spacek  Labs,  Ino.,  Santa 
Barbara,  CA).  In  a  similar  way,  free  spare 
characterization  of  dielectric  materials  can  be 
performed  between  horns.  In  Plg.3  are  shown 
the  absorption  (squares.  In  dB)  and  the  phase 
rotation  (dots,  in  degrees)  through  a  9.78  mm 


Figure  2 
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thick  Altuglas  sample.  The  upper  solid  lines 
correspond  to  the  values  of 
tan  6-  0.008  and  e'  -  2.596  measured  using  an 
open  cavity  technique  around  100  QHz.  Above 
200  GHz,  losses  increase  more  rapidly  than 
flrequency  (tan  5  is  multiplied  by  about  4  at 
760  GHz)  and  the  real  part  of  permittivity  e' 
decreases  by  a  few  percentage  points.  These 
effects  have  also  been  observed  by  far'infrared 
techniques  (3). 

Reflection  measurements 

At  frequencies  where  directional 
couplers  are  not  easily  available,  reflection 
measurements  can  be  performed  in  a  quasi< 
optical  structure:  HG  and  HM  are  terminated 
by  horn  antennas  facing  the  sample  to 
characterize.  The  calibration  is  obtained  by 
replacing  the  sample  by  a  metal  plate, 
supposed  to  be  a  perfect  mirror.  MVNA  8-350 
lias  so  observed  a  normal  reflection  of  -50  dB 
at  475  GHz  on  a  silicone-based  anechoic  (4). 

When  waveguide  components  have  to 
be  characterized  in  refler^im  (S||  and  S22 
parameters),  HG  and !  IM  must  be  attached  to  a 
waveguide  directional  coupler  DC.  A 
calibration  technique  consists  in  terminating 
this  DC  by  a  short,  a  sliding  short  and  a  sliding 
matched  load.  Fig.4  shows  an  example  of 
vector  measurements  with  MVNA  8-350  on  a 
6  dB  attenuator,  observed  by  transmission 
(upper  amplitude),  and  by  reflection  (lower 
amplitude).  At  the  same  scale  are  given 
amplitude  measurements,  at  fixed  frequencies, 
performed  with  three  different  millimeter 
vector  analyzers,  for  a  comparison  (5).  Dots 
are  MVNA  8-350  one  year  before,  squares  are 
HP  85 10.  triangles  are  a  six-port  (5).  The 
different  angle  measurements  agree  within 
±4». 


9*?6  mm  Altuglif 
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An  Interferoneter  for  neiir  milllBetro  wave  dielectric  etudlee 
on  sollde  at  elevated  teaq^raturea 
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Division  of  Electrical  Science,  National  Physical  Laboratory 
Teddlngton,  Middlesex  TWll  OLW,  UK 


abstract 

The  construction  and  performance  of  a  two-beam  polarisation  Interferometer  for  use  In 
dispersive  Fourier  transform  spectroscopic  measurements  of  the  near  millimetre  wave 
dielectric  properties  of  transparent  solids  at  elevated  temperatures  are  described. 

1.  INTRQPUCTIQN 

Quantitative  measurements  of  the  near  millimetre  wave  properties  of  transparent  solids 
at  elevated  temperatures  are  required  In  several  areas  of  Terahertz  Technology. 
Firstly,  for  the  design  of  radomes  on  fast  aircraft  and  missiles.  Aerodynamic  heating 
results  in  such  radomes  having  operational  temperatures  that  can  be  significantly 
above  those  of  the  local  atmospheric  environment.  Second,  for  the  design  of  output 
windows  for  high  power  electron  tubes  such  as  gyrotrons.  Here,  cw  i/Owers  of  1  MW  can 
be  realised,  and  it  Is  necessary  to  minimise  the  absorbed  power  in  such  windows  In 
order  to  avoid  thermal  runaway  window  failures.  Third,  for  the  design  of  torus  windows 
In  fusion  plasma  research.  The^e  have  to  maintain  the  vacuum  Integrity  of  the  torus 
while  transmitting  high  input  powers  for  rf  heating  and  plasma  diagnostics. 

The  present  paper  reports  on  the  construction  and  performance  of  a  two-beam 
Interferometer  used  to  study  the  temperature  dependence  of  the  near  mllllmtitre  wave 
dielectric  properties  of  transparent  solids  at  temperatures  from  300  to  1300  K. 

2.  e?<per;^mbctal 

The  Interferometer  was  based  on  a  two-beam  polarisation  configuration  with  tungsten 
wire  grids  as  polarlaers,  analysers  and  beamdlvlders ,  as  shown  in  figure  1.  Collimated 
radiation  from  a  mercury  vapour  arc  lamp  was  incident  at  on  the  first  wire  grid, 
wound  from  10  pm  diameter  wire  spaced  25  pm  centre-to-centre.  This  acted  as  a 
polariser,  creating  orthogonally  polarised  beams  In  reflection  and  transmission.  The 
reflected  beam  was  lost  to  the  experiment,  while  the  transmitted  bean  propagated  to 
the  second  grid.  Its  wires  were  oriented  at  45*  to  the  projected  polarisation  of  the 
incident  beam.  Thus,  two  more  orthogonally  polarised  beans  were  created,  the  reflected 
one  entering  the  moving  mirror  arm  of  the  interferometer,  the  transmitted  one  entering 
the  fixed  mirror  arm.  The  moving  mirror  era  was  bent  through  90*  by  a  plane  mirror 
mounted  on  a  vibration  generator.  This  allowed  phase  modulation  to  be  used  in  the 
measurements.  The  moving  mirror  was  mounted  on  a  stepper  motor  driven  micrometer. 

As  measurements  were  to  be  made  by  dispersive  Fourier  transform  spectroscopy^  the 
fixed  mirror  arm  contained  the  specimen  furnace.  This  was  electrically  heated, 
approximately  350  mm  long,  300  mm  wide  and  430  mm  hlgh^’*.  It  required  6.5  kW  of 
heating  to  reach  Its  moxlaum  operating  temperature  of  1300  K.  The  specimen  holder  was 
made  from  a  refractory  material,  and  could  be  rotated  through  90*  under  manual  control 
BO  that  It  could  be  either  In  a  vertical  position  with  the  radiation  passing  through 
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It,  or  horizontal  and  out  of  the  beam.  The  fixed  mirror  was  close  to  the  furnace  to 
reduce  heating  losses.  It  was  made  from  atelnless  steel  to  avoid  thermal  degradation. 

The  two  beams  from  the  active  arms  of  the  interferometer  recombine  at  the  beamsplitter 
and  propagate  back  to  the  original  grid.  This  then  acted  as  an  analyser.  The 
components  of  each  beam  that  were  parallel  to  the  grid  wires  were  reflected  from  It 
and  focussed  on  the  detector,  a  liquid  helium  cooled  InSb  hot  electron  bolometer.  The 
orthogoi.al  components  were  transmitted  through  the  grid  and  lost  to  the  experiment. 

The  Interferometer  was  a  rigid  structure  except  for  the  furnace.  This  sat  on  the 
baseplate  of  the  Interferometer.  This  had  three  consequences.  First,  thermal  expansion 
of  the  furnace  was  decoupled  from  the  Interferometer,  avoiding  phase  errors.  Second, 
as  It  was  not  a  vacuum  furnace,  the  Interferometer  was  unevacuated  and  could  only  be 
used  below  about  60  cm'^  where  the  rotation  spectrum  of  water  vapour  Is  less  intense. 
Finally,  In  work  of  the  nlgheat  accuracy  It  would  be  necessary  to  correct  for  the 
atmospheric  phase  shift  which  Is  removed  from  the  optical  path  when  the  specimen  Is 
In  place^^^.  The  presentation  will  describe  the  Instrument  and  Its  performance. 
Illustrating  this  with  the  results  of  some  measurements  on  materials  of  practical  use. 

REFERENCES 

1.  J.R. Birch  and  T.J, Parker,  'Infrared  and  Millimeter  Waves.  Vol.2,  Ch.3'> 

Ed.  K.J. Button,  Academic  Press,  New  York  1979 • 

2.  Supplied  by  Severn  Furnaces,  Brunei  Way,  Thornbury,  Bristol,  UK. 

3.  J.R. Birch,  Infrared  Physics  3^ *89-93* 1993 ♦ 


PIxsd 

mirror 


Figure  1.  The  Interferometer  for  elevated  temperature  measurements. 


491 


Th3.3 


Wavefront  Dividing  biterferometer  With  and  Without  Moving  Parts. 

K.  D.  Mbller 

Department  of  Physics,  New  Jersey  Institute  of  I'echnology,  Newark  N.J.  07102 
Fairleigh  Dickinson  University,  Teaneck  N. J.  07666. 


1.  Miohelson  Interferometer  with  out  moving  parts  using  spatial  superposition  of 
amplitudes. 

Interferometers  without  moving  parts  for  Fourier  Uansform  spectroscopy  use  for 
the  recombin'^tion  process  the  spatial  spread  of  the  amplitudes  of  the  two  beams.  At 
different  points  in  space  the  two  beams  have  different  path  differences,  and  by 
superposition,  the  interferogram  is  formed.  There  is  a  center  with  zero  path  cMerence  and 
on  both  sides  the  absolute  value  of  the  path  difference  increases.  The  recombinadon 
process  is  schematically  shown  in  Fig.l. 


Fig.l.  Recombinadon  process  by  spreading  the  superposidon  of  the  two 
amplitudes  over  an  interval  in  space,  depending  on  the  opdcal  path  difference  of  the  rays 
in  each  beam.  Point  1  is  the  center  and  points  1',  1"  have  zero  opdcal  path  difference. 
Points  2  and  3  have  the  same  opdcal  path  difference,  but  with  opposite  sign. 

The  sampling  of  the  interferogram  has  to  be  done  at  points  separated  by  muldples 
of  equal  length  intervals.  The  sampling  interval  corresponds  to  X/Z  of  the  shortest 
wavelength  contained  in  the  spectrum  to  be  studied.  At  each  point  a  detector  element  has 
to  be  placed,  but  these  detector  elements  record  intensity  proportional  to  their  surface 
area.  Making  the  detector  area  a  small  would  result  in  a  small  signal  but  a  good  contrast 
of  the  recorded  interferogram.  Making  the  detector  area  a  large,  would  reduce  the 
moduladon  of  the  interferogram  to  a  level  that  the  quality  of  the  spectrum  is  effected.  A 
working  size  of  the  detector  may  record  light  corresponding  to  1/lOth  of  the  sample 
interval,  but  then  90%  of  the  light  is  lost. 
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2.  Michelson  interferometer  without  moving  parts  using  wavefront  division. 

This  big  loss  of  the  incident  light  will  be  avoided  if  we  divide  the  incoming  light 
into  N  equal  cross-section  parts,  and  proceed  with  each  part  through  its  own 
interferometer  set-up  for  a  certain  optical  path  difference,  and  then  superimpose  the  two 
beams  of  each  of  the  N-parts  on  its  own  detector. 

Hie  incoming  li^t  is  split  into  N  parts,  where  N  is  the  number  of  points  we  need 
for  the  interferogram  and  is  therefore  as  well  the  number  of  detector  elements  in  the  array 
detector.  Each  part  is  split  into  two  beams,  each  traveling  to  one  of  the  two  mirrors  and 
reflected  backwards  to  the  beamsplitter.  The  mirrors  are  at  different  positions  for  each  of 
the  N-parts  and  consequently  Intrixluce  different  path  differences  for  each  of  the  N-parts. 
The  two  beams  of  each  part  ate  recombined  by  the  beamsplitter  and  the  amplitude  of  the 
two  beams  are  superimposed  and  concentrated  on  one  of  the  N  detectors.  The  N  path 
differences  may  be  intr^uced  by  using  for  the  two  mirrors  in  the  Michelson 
interferometer  mirrors  with  steps  as  shown  in  Flg.2. 


ITIP  MIRROR  stir  mirror 


Fig.2.  Profiles  of  the  two  Michelson  mirrors,  (a)  having  a  sequence  of  small  steps, 
(b)  having  a  sequence  of  large  steps. 

The  mirrors  are  positioned  in  such  a  way  that  the  steps  of  one  are 
horizontally,  the  steps  of  the  other  ate  vertically,  as  indicated  in  Fig.3. 


(a) 


Cb) 


PflOFILE  OP  VEBTICAL  OflCOVES 


PROPILB  OP  HORIZONTAL  OROOVBS 


Fig.3.  Michelson  interferometer  with  two  step  mirrors,  one  with  steps  oriented 
horizontally,  the  other  with  steps  veitlcally. 

The  N  parts  of  the  interferometer  have  now  N  different  path  differences 
and  each  produces  one  point  of  the  interferogram  at  its  detector.  All  of  the  incident  light 
is  used  with  this  interferometer  array  and  concentrated  on  the  detector  array.  Since  the 
interferogram  points  are  instantly  available,  real  time  resolved  spectroscopy  may  be 
performed. 
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Mllllmeter-‘wave  band  microwave  signal  spectrum  measurement  on  the  basis 
of  the  Hilbert  transform  of  Josephson  Junction  function  response 

S.Y. Larkin,  S.E. Anlschenko,  V.V. Kamyshin 

State  Research  Center  "Fonon" 

37,  Pobedy  Ave.,  KPI>3240,  Kiev,  252056,  Ukraine 


ABSmCT 

Theory  and  the  canonical  algorithm  of  the  Hllbert-spectroscopy  of  microwave 
signals  on  the  basis  of  the  AC  Josephson  effect  Is  given.  The  microwave  unit 
of  the  spectrum  analyzer  using  the  Josephson  Junction  as  a  measuring  sensor  Is 
described. 


1. THEORY  AND  CANONICAL  ALGORITHM  OF  HILBERT  SPECTROSCOPY 

Among  known  methods  of  microwave  signal  spectroscopy  one  could  choose  the 
method  based  on  the  use  of  the  Josephson  Junction  selectivity  to  the  frequency 

of  monochromatic  oscillations  exciting  the  JunctlonV  In  this  case  the 
selectivity  of  the  Josephson  Junction  to  the  external  irradiation  frequency  w 
Is  due  to  the  availability  of  the  own  oscillations  in  the  Junction.  Their 
frequency  is  actually  determined  by  the  bias  voltage  V  Impressed  at  the 

Junction 

Wj  -  2eV/h  (1) 

The  simple  mechanism  of  the  frequency  control,  the  high  frequency  selection 
and  the  energy  sensitivity  of  the  Josephson  Junction  brln?  about  the  natural 
desire  of  Investigating  the  possibilities  to  use  It  for  measuring  energy 

spectra  of  the  microwave  signals  .  It  has  been  stated  that  the  weighted 
difference  function  g(V)  at  the  output  of  the  Josephson  Junction  and  the 
energy  spectrum  of  the  signal  S(w)  Irradiating  It  (the  latter  being 
specifically  Interesting  for  the  researcher)  are  bound  by  the  Hilbert 

transform^ 


1  S(n)dn 

•'''>■  J  I  -5^  <2) 

-eo 

where  g(V)  Is  the  weighted  response  of  the  Junction  Including  the  Involvement 
of  the  response  Intensity,  the  Intensity  of  current  behaviour  and  the 
operating  mode  of  the  Junction;  G  “hw  /2eV  Is  the  dlmentlonless  frequency  of 
the  Irradiating  signal. 


The  above  ratio  uses  the  assumption  that  the  transfer  coefficient  for  the 
channallng  path  throughout  the  band  of  operating  frequencies  (|K(n)|‘'*l)  Is 
actually  constant.  The  phenomenon  alwais  takes  place  If  the  microwave 
transmission-line  system  has  been  properly  and  correctly  designed.  From  Eq.2 
and  with  the  Involvement  of  the  self -conjugation  of  the  Hilbert  transform,  the 
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energy  spectrum  of  the  Irradiating  signal  which  to  be  experimentally  estimated 
could  be  defined  by  the  following  equation 

1  t*  g(V)dV 

-M 

where  the  Integral  Is  presented  by  Its  main  value  and  the  original  signal 
subject  to  transformation  Is  formed  out  of  the  experimentally  obtained  and 
Inverted  basic  and  disturbed  cur rent -volt age  characterlstlc^(CVC). 


The  Eq. (3)  is  the  theoretical  basis  of  the  Hllbert-spectrosoopy  of 
microwave  signals  with  solid  spectrum  and  could  be  assuming  that  the 
assumptions  made  are  true,  a  formula  description  of  the  algorithm  for 
processing  the  experimental  results  providing  the  estimation  of  the  energy 
spectrum  on  the  basis  of  the  Hllbert-spectrosoopy, 


As  It  comes  from  Eq.3  and  the  equations  attending  Its  derivation  the 

canonical  algorithm  of  Hllbert-spectroscopy  prescribes  the  execution  of  seven 

successive  steps i 

Step  1.  Input  of  the  sequence  of  counts  y2,  representing  CVC  y2"f(x)  of  the 
Junction  disturbed  by  the  Irradiation  of  the  external  microwave 
signal. 

Step  2.  Input  of  the  seguence  of  counts  yl,  representing  the  basic  CVC 
yl«f(x)  of  the  screened  Junction. 

Step  3.  Formation  of  the  Inverted  sequence  z2,  representing  the  Inverted  CVC 
z2>g(y2)  of  the  disturbed  Junction. 

Step  4.  Formation  of  the  Inverted  sequence  zl,  representing  the  Inverted  basic 
CVC  zl-g(yl). 

Step  5.  Formation  of  the  colouring  function  wgh(K)  equal  to  element-by-element 
product  of  the  Inverted  basic  CVC  by  the  sequence  of  the  counts  of  the 
Independent  variable  y  (the  segment  of  the  natural  set  of  numbers). 

Step  6.  Formation  of  the  difference  function  dz>z2-zl  and  Its  colouring  with 
the  aim  to  yield  the  form  dlt«dzx*wtgh  suitable  for  transformation. 

Step  7.  Execution  of  the  Hilbert  transform  of  the  colouring  difference 
function  with  the  size  of  the  transformation  core  specified  by  the 
operator. 


The  final  product  of  the  transformation  forms  the  equidistant  sequence  of 
counts  of  the  estimated  energy  spectrum  of  the  signal  which  Irradiated  the 
Junction  under  the  test  determination  of  I-V  values  y2*f(x). 


It  should  be  mentioned  that  the  synthesized  canonical  form  of  the  Hilbert 
spectroscopy  algorithm  can  be  used  both  with  non-coherent  and  monochromatic 
signals  under  the  test  conditions.  In  the  last  example  the  algorithm  Is 
realized  by  passing  Eltep  5  and  Step  6  which  foresee  the  colouring  of  the 
difference  function  equalizing  the  non-unlformlty  of  the  Josephson  Junction 
sensitivity  over  the  operating  frequency  band.  The  paper  [3]  Illustrates  that 
when  Investigating  the  spectrum  of  monochromatic  Irradiation  8(0-0^), 


consontrated  in  the  narrow  area  ^  «  Qq  attributed  to  the  central  part  one 

will  have  not  to  consider  the  change  of  the  Junction  sensitivity  under  the 
change  of  the  control  bias  voltage.  Such  Junction  allows  to  present  the 
estimated  spectrum  in  the  following  way 

:  J  -onv:5T  '«> 

where  Al(V,flo)  is  the  difference  function  characterizing  the  Intensity  of  the 
Junction  response  at  the  bias  voltage  variations  and  the  fixed  frequency  of 
the  external  Irradiation  do.  This  expression  shows  that  for  estimating  the 
spectrum  it  Is  sufficient  to  fulfill  the  Hilbert  transform  of  the  difference 
function  AKVido),  without  Its  preliminary  colouring. 

2. EXPERIMENTAL  SET-UP 

At  the  present  moment  the  spectrum  Investigations  of  the  laboratory 
sources  are  carried  out  using  the  prototype  of  the  spectrum  analyzer 
described  by  the  authors  of  this  paper  In  (3].  The  present  report  presents  the 
problems  and  the  techniques  of  their  technical  solution  occurred  when  creating 
the  microwave  module  of  the  set-up. 


Functionally,  the  microwave  unit  consists  of  a  microwave  transmlsnlon-line 
system  channeling  the  external  signal  towards  the  cooled  active  component  and 
the  active  component  Itself  which  Is  a  Josephson  Junction  and  a  matohind 
system. 


There  exist  some  basic  problems  which  determine  the  design  of  a  microwave 
unit.  They  are: 

-  wide  band  of  the  frequencies  being  Investigated;  from  50  to  250  CHz; 

-  high  sensitivity:  .10’^^  W/  >^”Hz; 

-  high  frequency  resolution:  about  2  GHz; 

-  linearity  of  an  amplitude-frequency  characteristic  (bandpass  flatness  not 
more  than  2  dB); 

-  difficulty  to  match  the  high  resistance  of  the  waveguide  with  the  low 
resistance  of  the  active  component  over  a  wide  band  of  frequencies. 


According  to  the  above  the  basic  structural  assemblies  of  the  microwave 
unit  were  made  In  the  way  described  below: 

1.  The  microwave  transmission-line  system  Is  made  In  the  form  of  a 
superdimensional  trough  waveguide  with  an  adapter  from  an  Input  antenna.  The 
developed  microwave  transmission-line  system  has  the  attenuation  of  not  more 
than  0.6  dB  per  one  metre  at  the  length  of  1.7  m,  provides  the  operating 
frequency  band  from  25  to  400  GHz.  The  characteristics  that  follow  can  be 
attributed  to  the  advantages  of  such  choice.  They  are: 

-  monomode  (self-filtering)  operation; 

-  weak  dispersion; 

-  stable  wave  polarization; 
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-  simple  connection  of  the  section  due  to  weak  longitudinal  current 
insensitive  to  the  gaps  In  the  cross-section; 

-  big  cross  size  ensuring  the  technological  effectiveness  of  Josephson 
Junctions  as  active  components  placed  in  the  transmission  system. 


2.  The  matching  structure  Is  made  in  the  form  of  an  Integrally  manufactured 
dipole  antenna  with  a  Josephson  Junction.  The  substrate  matlrlal  Is  Al.O..  The 

n  3 

superconductive  material  used  was  of  two  kinds;  the  superpure  nloblom 
(Josephson  Junction  of  low-temperature  superconductor)  or  Y-Ba-Cu-0  (Josephson 
Junction  of  hlgh-temperature  superconductor).  In  the  first  case  the  Junction 
Is  made  In  the  form  of  a  faced  Josephson  Junction  with  the  Junction  area  of 

0.4  mm  .  In  the  second  case  this  Is  a  weak  link  of  narrowing  type.  The 
Junction  was  formed  by  laser  scribing  at  the  grain  boarders  with  the  typical 
size  of  not  more  than  0.3  pm. At  this  the  Junction  width  appeared  to  be  C.S  pm. 
The  signal  losses  matched  with  the  Input  of  the  receiving  structure  were 
(311)  dB  over  the  frequency  band  from  60  to  150  GHz. 

3. RESULTS 

The  set-up  described  above  has  h1 lowed  to  perform  the  analysis  of  the 
complex  line  spectra  over  the  frequencies  from  40  to  250  GHz  with  the 
frequency  resolution  being  not  worse  than  2  GHz  and  the  sensitivity  being  not 

less  than  10"'^  U/V^Hz. 
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Abztraot 

This  paper  presents  an  alternative  method  for  network  analyser  oallbratlou  whioh  shows  two 
advantages!  It  avoids  de*euibeddlng  tlie  device  under  test  (dut)  and  It  does  not  need  any  Impedance 
standard.  It  Is  thus  directly  applicable  to  planar  and  Integrated  circuits  at  high  frequencies. 

Statement  Of  The  Problem 

In  automated  network  analyzer  measurements,  two  sources  of  error  must  be  taken  into  account:  Imperfections  in  the 
equipment  itself  and  non-ldeal  transitions  to  the  dut,  The  latter  point  is  of  particular  importance  for  modern  planar 
circuit  technologies  as  microstrip  lines,  coplanar  waveguides,  and  fln-llnes. 

Such  measurement  errors  must  be  eliminated  by  calibration  procedures.  In  the  most  common  error  model,  all 
measurement  errors  are  assumed  to  be  presented  by  an  error  2-port  in  between  measurement  equipment  (now  assumed 
ideal)  and  dut.  The  scattering  coefHcients  of  the  error  2-port  are  then  deflned  by  three  complex  quantities  which  can 
be  determined  by  a  number  of  well-established  methods  (e.g,  [1]).  Usually  impedance  standards  (shorted,  open,  and 
matched  load)  are  used  which  must  be  known  precisely.  On  the  other  hand,  there  are  also  modern  methods  like  TLR 
or  TAN  [2]  which  have  the  advantage  of  using  partly  unknown  standards.  All  methods  have  in  common  that  they 
need  do-embedding  what  prevents  their  application  to  MICs  where  an  important  task  is  to  characterize  a  woll-deflned 
subregion  within  a  complex  circuit.  Moreover,  they  introduce  additional  errors  which  injure  the  measurement  accuracy 
because  the  reference  planes  of  the  standards  cannot  always  be  reproduced  with  high  accuracy,  in  particular  in  the 
millimeter- wave  range.  Furthermore  standards  are  rather  available  in  the  most  important  circuit  technologicFi 


The  Calibration  Method 

We  have  developed  a  calibration  method  which  does  not  need  well-known  impedance  standards  and  which  avoids  any 
de-embedding.  It  only  needs  the  presence  of  a  uniform  transmission  line  of  about  a  quarter  to  half  a  wavelength  in 
front  of  the  dut,  and  a  partially  reflecting  obstacle  which  tan  be  moved  along  this  line. 

Fig.  1  shows  the  schematics  of  the  calibration  method  for  reflection  measurements.  Extending  the  method  to 
2-port  measurements  is  straightforward.  Tlie  reference  plane  is  located  in  front  of  the  dut  which  is  separated  from 
the  measurement  equipment  by  a  quarter  to  half  a  wavelength  long  transmission  line  and  an  error  2-port.  The 
imperfections  in  the  equipment  Itself,  non-ldeal  transitions  and  other  2-portc,  are  assumed  to  be  represented  by  an 
error  2- port  between  the  ideal  measurement  equipment  and  the  transmission  line.  In  order  to  keep  the  effect  of  errors 
which  cannot  be  described  by  the  error  2-port  small,  the  calibration  procedure  needs  a  highly  reflecting  termination 
at  the  end  of  the  transmission  line.  In  many  practical  cases,  this  task  cannot  be  fulfilled  by  the  dut,  whose  Input 
reflection  coeffleient  should  often  be  small.  Therefore  the  first  step  of  the  calibration  procedure  is  to  introduce  a  highly 
reflecting  obstacle,  i.e.  a  screen,  at  the  end  of  the  transmission  line  and  to  measure  the  input  reflection.  In  the  second 
step,  one  introduces  another  obstacle  which  is  movable,  and  measures  the  input  reflection  at  (at  least)  five  different 
positions  of  the  obstacle.  From  step  one  and  two,  one  can  determine  the  parameters  of  the  error  2-port.  In  the  third 
step,  one  removes  both  the  obstacle  and  the  screen  and  measures  the  input  reflections  again.  Inserting  then  the  now 
known  scattering  parameters  of  the  error  2-port,  one  can  calculate  the  reflection  coefTlcient  of  the  dut. 


Experimental  Results 

In  order  to  verify  the  theory,  we  have  performed  some  exemplary  measurements  within  a  mlcrostrlp  circuitry.  We  have 
chosen  a  heterodyne  receiver  and  an  unknown  Impedance  as  dut  whose  reflection  coefficient  Is  to  be  determined  In 
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X-band.  Th«  meMurement  let-up  coniiMtt  of  a  HP  8510  B  natwork  analyser,  a  tranaition  from  coaxial  to  mieroatrip 
line,  a  mieroatrip  line,  the  reverse  transition  from  mieroatrip  to  eoaxial  line,  and  a  coaxial  termination.  As  obstacle 
and  screen,  we  have  used  two  amall  metal  blocks  (Fig.  2).  The  position  of  the  movable  obstacle  can  be  adjusted  by  a 
micrometer  screw.  In  order  to  avoid  any  irreproducible  galvanic  contact,  the  metal  block  corresponding  to  the  obstacle 
has  been  isolated  from  the  microstrip  line  by  a  thin  nonconducting  foil,  The  scattering  of  the  obstacle  can  then  be 
controlled  by  the  thickness  of  the  foil. 

In  order  to  check  the  validity  of  our  calibration  method,  we  have  made  measurements  with  two  dlflferent  error 
2<ports.  Figs.  3  and  4  show  some  results  with  a  short  as  termination.  The  measurement  set>up  leading  to  the  reaults 
shown  in  Fig.  3  differs  from  that  for  Fig,  4  by  a  3  dB  attenuator  which  hu  been  Inserted  in  front  of  the  eoaxial  to 
microstrip  transition.  As  expected,  the  transmission  coefBcient  in  Fig.  4  is  6  dB  larger  than  the  same  quantity  in  Fig. 
3.  Thus  the  calibration  is  Independent  of  the  error  2>port. 


Conclusions 

A  new  method  for  network  analyser  calibration  which  does  not  need  impedance  standards  hu  been  proposed.  The 
dut  hu  not  to  be  de-embedded.  Hence  the  method  can  also  be  applied  to  characierlie  an  unknown  2-port  embedded 
in  a  MIC.  The  validity  of  the  method  hu  been  demonstrated  by  performing  some  meuurements. 
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Figure  1 1  Block  diagram  for  (he  reflection 
coeffleient  measurement  set-up. 


1 

s 

•s 

•IS 

-IS 

mm 

•n 

^0^ 

-li^^ 

•IS 

I  •  le  II  II 

*—‘1  rneuinev  tSHil 

Figure  3;  Scattering  parameters  of  the  error  3-porl. 
Solid  line!  Tranimlssion  coefficient. 
Dwhed  lines:  Reflection  coefficients. 


Figure  2:  Realization  of  (he  meuurement  set-up 
in  microstrip  technique. 


Figure  4;  u  Fig.  3  with  an  additional  3  dB 
attenuator  in  front  of  the  coaxial  to 
microstrip  transition. 
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Far  Infrared  Spectroscopy  of  Phonons  and  Plasmons  In  Semiconductor  Superlattices 

T  DumeloW/  A  A  Hamilton,  T  J  Parker,  S  R  P  Smith  and  D  R  Tilley. 

Department  of  Physics,  University  of  Essex,  Colchester  C04  3SQ,  UK. 

The  overall  aymmetry  of  both  long  and  short  period  superlattlcei  is  uniaxial,  with  principal  axes,  z,  parallel, 
and  X  and  y,  normal  to  the  growth  direction.  Par  Infrared  spectroscopy  is  a  powerful  technique  for  Investigating 
both  components,  ezz  end  exx  Cyy,  of  the  dielectric  function  of  these  structures.  In  this  paper  we  shall  review 
these  techniques  and  present  examples  of  how  they  can  be  used  to  characterise  semiconductor  superlattices. 
Because  of  the  strong  absorption  due  to  the  phonon  modes  In  superlattices  fabricated  from  compound 
semiconductors,  transiMsslon  measurements  require  thinning  of  the  substrate  to  a  few  nnlcrons  In  thickness.  This 
is  difficult  to  achieve,  as  well  as  being  destructive,  so  In  all  our  work  reflection  spectroscopy  is  used. 

Using  Instruments  which  are  heavily  modified  forms  of  the  NPL  modular  cube  Interferometer,  we  have 
developed  three  variations  of  the  technique  of  far  infrared  reflection  spectroscopy  which  provide  a  range  of 
Information  on  the  dielectric  functions  of  these  structures^.  These  techniques  arei  (a)  polarised  oblique 
Incidence  spectroscopy,  which  enables  either  Sxx  to  be  probed  using  s  polarised  radiation,  or  a  combination  of 
Sxx  znd  Szz  to  be  probed  using  p  polarised  radiation,  the  exact  combination  depending  upon  the  angle  of 
Incidence,  (b)  dispersive  Fourier  transform  spectroscopy  (DFTS),  to  measure  the  amplitude  and  phase 
reflection  spectra  directly,  since  the  phase  Informadon  sometimes  aids  the  assignment  of  features  In  the 
spectrum,  and  (c)  attenuated  total  reflection  (ATR)  spectroscopy,  which  Is  used  to  couple  to  non>radlatlve 
surface  polaritons  and  guided  waves.  Silicon  ATR  prisms  were  used  for  this  work ,  and  measurements  were 
made  at  Internal  angles  of  Incidence  which  were  a  little  larger  than  the  critical  angle  for  total  Internal 
reflection  (~  17^)  In  silicon. 

In  short  period  GaAs/AlAs  superlattices  the  optical  phonon  branches  In  the  two  components  do  not  overlap, 
and  this  causes  confinement  of  optical  phonon  modes  in  each  component.  However,  broadening  of  the  Interfaces 
occurs  during  the  growth  process,  and  this  affects  the  degree  of  confinement,  with  the  result  that  the 
frequencies  of  the  confined  modes  are  measurably  different  from  those  expected  for  perfect  Interfaces. 
Consequently  measurements  of  the  frequencies  of  cot^lned  optical  phonons  can  be  used  as  a  sensitive  probe  of 
interface  broadening^.  Spectra  showing  confined  modes  are  present^  In  Pig.  1. 


Fig.  1.  Measured  (solid  lines)  and  theoretical  (dotted  curves;  perfect  Interfaces,  dashed  curves;  with  interface 
broadening).  The  spectra  show;  on  the  left;  s  polarisation  spectra  for  a  (GaAB)4/(AIAs)4  superlattice,  on  the 
right;  similar  spectra  for  the  same  sample  measured  In  p  polarisation.  The  marked  features  correspond  to 
experimental  confined-mode  frequencies.  After  Ref.  2. 
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The  surface  polaritons  and  guided  wavea  propagating  In  this  sample  were  studied  by  ATR,  as  shown  In  Fig.  2. 

Features  due  to  surface  modes  and  guid^  waves  are  clearly  seen  as  dips  In  the  reststrahl  regions.  G>mpare 
with  Fig.  1.  /  r  or 


Pig.  2.  Measured  (solid  lines)  and  calculated  (dashed  lines):  room  temperature  ATR  spectra  of  the  same 
auperlattlce  sample  described  In  Fig.  1.  On  the  left:  s  polarisation  spectra,  on  the  right:  p  polarisation  spectra. 
After  Ref.  3. 


In  the  case  of  doped  superlattices,  a  combination  of  p  and  s  polarised  oblique  Incidence  measurements  enables 
both  the  overall  free  electron  concentration  and  the  aistributlon  of  electrons  between  the  wells  and  the  barriers 
to  be  determined.  In  the  case  shown  In  Fig.  3,  the  sample  consisted  of  a  superlattice  fabricated  by  ^doping  a 
GaAs  crystal  with  100  SI  layers  with  a  2D  density  of  the  order  of  10^®  atoms  per  layer  at  50  nm  Intervals.  To 
account  for  the  sharp  feature  at  296  cm*^  a  thin  depletion  region  at  the  surface  was  Included  In  the  theoretical 
model^. 


Wivinumbir  Wannumbir 

Fig.  3,  (a)  s  polarised  and  (b)  p  polarised  oblique  Incidence  (43®)  reflection  spectra  of  a  GaAs  sample  S^loped 
with  SI  layers.  After  Ref.  4. 
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FAR  INFRARED  OPTICS  OFOaAs/AlAs  SUPERLATTICES 


A.A.  Himllton,  T.  Diunelow,  TJ.  Parker  and  D.R.  Tilley 

Department  of  Physics,  University  of  Essex.  Wlvenhoe  Park,  Colchester, 

Essex  C04  3SQ.  UK. 


In  the  far  infrared,  luperlattloe  dieleetrio  Ainotlons  can  be  well  repreaented  uiilni  an  effeotlve  medium 
model,  with  the  overall  aymmetry  of  the  aupertattioe  taldni  a  uniaxial  fonn.  If  only  phonon  effeota  are 
oonaidered,  lupertattloe  dleleotrlo  tenaon  are  uaeftiUy  modelled  in  one  of  two  ways,  dependent  on  the 
thiolmeaaea  of  the  aupertattioe  layeri.  Thua  in  long  period  auperlattlooa  the  phonon  reaonanoea  are 
determined  by  the  bulk  leionanoea  of  the  oonsdttMnt  layen,  whereas  In  ahoit  period  lupeilattloes  the 
resonances  are  shifted  from  their  bulk  values  due  to  phonon  oonfinement. 

Regardless  of  the  model  used  in  desoribing  the  uniaxial  dielectric  tensor,  the  ln*plane  component  will 
have  different  resonant  frequenolea  from  the  out*of«plane  component  c„  (z  is  taken  to  be  the  growth 
direction).  For  propagation  of  radiation  in  the  z  dlraction,  polea  in  oorreapond  to  10  frequencies,  and 
Kemea  in  e^^  correspond  to  LO  frequencies,  We  exunine  some  oonaequenoN  that  are  of  importance  in  far 
Infrared  speotroioopy,  with  particular  reference  to  oblique  Incidence  refleotlvlty  and  attenuated  total 
reflection  meuurementa  taken  on  abort  period  GaAs/AlAs  auperlattleea. 

Of  particular  interest  are  the  sharp  dipa  that  appaar  in  the  apootra  obtalnad  uaing  theaa  two  teohnlquea.  In 
the  case  of  a  superlattioe  depoait^  on  a  substrate  the  main  modes  that  lead  to  such  features  are  as  follows 
dll 

L  Brewster  Modes 

We  define  Brewster  modes  as  dips  in  the  ipeotnim  it  diaoiete  frequenoiee  at  whioh  the  dleleotrlo  fbnotlon 
of  the  luperisttloe  takes  values  oorrsspondlng  to  the  Brewster  condition,  i.e.  the  incident  angle  Is  the 
Brewster  ingle  for  zero  rafleotlon.  For  propagation  in  the  x<z  plane  uilng  p*poIarlied  mdlition,  they 
follow  the  diiponlon  relation 


a  .  tt!  ‘  «t> 

where  q,^  is  the  ln*piane  component  of  the  waveveotor,  end  C|  le  the  dielectric  constant  of  an  isotropic 
medium  in  contact  with  the  luperlattlce.  Ttius  dipa  ate  observed  in  p»polarlistion  refleotlvlty  from  vacuum 
(of  dleleotrlc  consisuit  e|  ■  1)  at  frequenolaa  at  which  the  above  equation  is  utlifled.  Although  equivalent 
modes  ooour  in  rsfleotl^dty  from  bulk  isotiopic  samples,  such  modes  are  usually  fairly  broad.  Hewtver,  in 
the  oaae  of  a  reflectivity  from  a  superlattioe,  sharp  Brewster  modes  ooour  at  the  LO  phonon  frequenciet  ns  s 
result  of  the  uniaxial  symmetry  of  (he  superiattloe  ttruoture.  Moreover,  Breweter  modet  of  this  type  are  not 
appreciably  affected  ti^  the  presence  of  a  subetrate.  These  modes  therefore  sot  u  an  accurate  measure  of 
Buperlstiloe  LO  frsquenoies. 

2i  Surface  Bolaritoni  at  the  Vncuum/Superisttlce  Intcifsoa 

.Sutfsoe  polsrltons  are  modes  localised  at  an  Interface  between  two  media  In  p-polarlsatlon.  In  the  oaae 
considered  here  one  of  these  media  (the  vacuum  of  dielectric  constant  ■  I)  Is  Isotmple  whilst  the  other 
(the  superlattioe)  Is  unlsxltl.  The  B  sitd  H  fields  of  •  surfsoe  polsriton  decay  exponentially  away  from  the 
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Interface  (i.e.  the  out‘of>plane  component  of  the  wavevector  is  Imaginuy  in  both  layers).  For  this  to 
occur  with  positive  it  is  necessary  that  the  in-plone  component  of  the  superlattice  dielectric  tensor 
should  be  negative  (although  the  out-of- plane  component  e„  may  take  either  sign).  In  addition,  the  in¬ 
plane  wsveveotor  eonponent  must  exceed  a  value  of  ss/o.  h  order  to  aohieve  this,  the  ATR  setup  is 
used.  Here  the  light  is  incident  through  a  silicon  prism  such  that  it  strikes  its  base  at  an  angle  0  greater  than 
the  oritioal  angle  for  total  internal  tufleotion.  la  then  given  by 

q^  ■  Cp^  (o/o)  sin  6 

where  Sp  is  (he  dleleotrio  constant  of  the  prism  material  (silicon  in  this  case).  Since  q^  remains  continuous 
on  either  side  of  the  prism  base  an  evanescent  wave  d^ys  from  the  prlsm/vaouum  interface  within  the 
vacuum  layer  when  6  exceeds  the  oridoai  angle.  This  evanescent  wave  can  couple  to  a  suiface  polsfiton  on 
the  surfaoe  of  a  sample  brought  close  to  the  prism  base,  so  that  a  dip  occurs  in  the  spectrum  at  each  surface 
polariton  frequenoy.  The  exact  value  of  this  frequency  is  determined  by  the  same  dispersion  relationship 
as  is  the  Brewster  mode,  although  it  occurs  within  a  different  wavevector  regime.  This  frequency  depends 
on  both  the  frequenoiea  and  the  strengths  of  the  oscillators  contributing  to  the  superlattioe  dleleotrio  tensor. 

1  Barreman  Modes  at  the  Superlattloe/Subatrate  Interface 

The  Berrman  effect  has  been  known  for  a  long  time  [2]  -  sharp  dips  in  the  p-polarisstion  reflectivity 
spectra  occur  at  the  LO  frequencies  of  a  thin  film  sample  deposited  on  a  metallic  substrate.  Here  we 
describe  the  observed  Berreman  modes  as  surface  polariioas  localised  at  the  sample/subetrate  interface.  In 
contrast  to  the  modes  at  the  vacuum/sample  interface,  however,  the  full  ATR  geometry  is  not  required  for 
their  observation.  If  the  sample  is  a  superlattioe,  Berreman  modes  occur  in  the  same  way  as  for  isotropic 
samples,  but  only  at  LO  frequencies  at  which  s^  is  positive.  For  short  period  QaAs/AlAs  superlattioes  on 
OaAs  substrates  these  modes  occur  at  the  appropriate  LO  frequencies  occurring  within  the  QaAs  reststrahl 
region  (in  which  the  substrate  dielectric  function  is  negative).  The  effect  on  the  overall  p-polarlsatlon 
reflectivity  spectrum  is  that  the  strength  of  certain  Brewster  modes  at  LO  frequencies  appears  to  be 
enhanced. 

£  Guided  Wave  Modes 

For  a  surface  polariton  the  field  decays  either  side  of  an  interface.  In  the  osm  of  a  guided  wave  mode  the 
field  decays  either  side  of  a  layer.  Ihus  for  a  vacuum/superlattioe/substrate  system  the  field  would  decay 
in  the  vacuum  and  substrate  layers.  The  guided  wave  mode  would  therefore  be  confined  within  the 
superlattioe  layer,  in  which  q,  would  be  reid.  Quided  wave  modes  of  this  type  occur  in  both  s-  and  p- 
polarisation  and  are  observed  in  ATR  within  the  substrate  reststrahl  region.  In  addition,  surfaoe  modes  at 
the  vocuum/superUttloe  interface  ate  actually  perturbed  by  the  presence  of  the  other  interface  and,  in  this 
region,  the  p-polarised  guided  wave  dispersion  rotation  also  applies  to  these  modes. 

All  the  above  modes  have  been  observed  experimentally  in  short  period  OaAs/AlAs  superlattioes  on  OaAs 
substrates  using  the  two  techniques  already  mentioned.  In  these  samples  the  superlattioe  dielectric  tensor 
depends  on  both  phonon  confinement  and  interface  roughness;  the  resulting  mode  frequencies  provide 
useful  probes  for  determining  these  parameters. 

[11  T.  Dumelow  and  D.R.  lllley,  J.  Opt.  Soc.  Amer.  AIQ  (1993),  633-643. 

[2]  D.W.  Berreman,  Phys.  Rev.  122  (1963),  2193-2198. 
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INVESTIGATION  OF  PHONONS  AND  PLASMONS 
IN  ALLOYS  AND  SUPERLATTICES  COMPOSED  OF 

InAsANDIoSb 


S.K.  Kang*.  T.  Knight*,  Y.B.  Li*,  A.O.  Nonnan*, 

J.R.  Birch*,  1‘.  Dumelow',  T.J.  Parker',  C.C.  Hiillipi*  and  R.A.  Stradling* 

'Depaitneat  of  Ayiies,  Ualveialty  of  Bimx,  Ookdwttor  C04  3SQ,  UK> 

Qliekott  Laboratofy,  Imperial  College,  Loadoa  SW7  3BZ,  UK. 

*Natloaal  Phyaloal  I^moratory,  Teddhigton,  TWl  1 OLW,  UK. 

We  lepoii  a  mrlei  of  far  litfiaied  tneaiumneata,  using  power  refleotlvlty,  dtepeialve  Fourier  tranifonn 
ipeotraeoopy,  aad  attenuated  total  lefleotlon  apeetroioopiee,  on  the  mixed  oryatal  lytlem  InAi|.,,Sb^.  Two 
types  of  samples  were  studiedi  the  first  aeries  of  samples  inooiporatad  InAa|.^Sb^  as  bulk  ^ilayen  on 
QaAs  substrates,  whereas  the  aeeond  series  used  the  alloy  as  a  aup^attioe  oomponsnt  with  InSb. 

The  phonon  and  plasmon  response  of  the  bulk  alloy  system  wm  obtained  ftom  nfleotlvity  measurements 
from  the  epllsyer  samples,  bi  partloular,  the  phonon  TO  fraquenoies  appHeable  over  a  range  of  alloy 
oompositloni  were  measured,  and  the  oomplete  spectrum  allowed  the  overall  dieleotrio  response  of  the 
alloys  to  be  modelled,  using  a  two  osolUator  flt.  In  praotioe  plasmons  played  a  significant  role  in  the 
response  but,  by  oomblning  far  infrared  measurements  of  TO  ftequenoles  with  Raman  measurements  of  LO 
frequencies  (at  the  depleted  sutfaoe),  It  was  easy  to  separate  the  phonon  and  plasmon  contributions. 

The  ether  samples  studied  were  doped  superisitloes  of  the  type  in9bi/InAs(^Sb^  having  both  wells  (the 
inAso.«Sb|Q.g  layen)  and  barriers  (the  InSb  layers)  of  thiokneu  100  A;  the  details  of  the  doping  levels  are 
givenin  the  table.  The  auperiattioea  were  grown  on  a  inAao,|Sb^  alloy  buffer  layer  separating  the 
superiattioe  ftom  sOaAs  substrate.  Ihe  amplitude  and  phase  spe^  from  OPTS  measurements  on  one  of 
these  samples  are  shown  in  the  figure. 

The  inootpotition  of  the  alloy  into  a  superiattioe  struoture  has  a  number  of  effeott  on  the  far  infrared 
spectrum,  all  of  which  assist  in  understanding  the  baric  semiconductor  physios. 

1.  Phonon  Shifts  due  to  Strain 

The  iattioe  constants  of  the  two  superiattioe  oompouents  are  slightly  different,  so  that  the  layers  become 
strained.  The  superiattioe  layers  grow  to  the  Iattioe  oonatant  of  the  InAsQ.|St\)^  buffer,  so  that  the  two  layer 
types  strain  in  opposite  dire^ns.  This  results  in  shifts  in  the  phonon  frequencies  from  their  bulk  values. 
This  shift  is  only  about  1  om'^  however,  and  is  not  easy  to  idwtify  in  tbiM  samplos  because  of  phonon* 
plasmon  ooupiliig. 

2.  Chaneaa  in  Effective  Mam 

lhAS|.,(ShK  bulk  alloys  undergo  very  large  bond  bowing.  As  a  result,  for  x >0>25  the  band  gap  of  the 
mixed  crystal  is  leu  than  that  of  either  InAs  or  bSb.  For  lnAsg.3Sl\)4  the  band  gap  is  about  0*l€  eV, 
corresponding  to  an  effective  mass  of  00106.  Due  to  this  narrow  gap  the  bands  are  extremely  non* 
parabolio. 

In  the  superiattioe  stiuotures  the  band  structure  is  affected  both  b|y  strain  and  by  oonflnement.  Confinement 
effects  an  the  more  important  in  determining  the  electron  effeotive  massat  in  these  samiries.  Confinement 
splits  the  oonduotlon  band  into  subbands,  which  are  raised  in  energy.  Thus  the  effective  mass  is 
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oonsideribly  enhanced.  At  the  Peiml  energy  the  effective  mass  Is  even  larger  due  to  band  non* 
paraboliolty. 

The  electron  effective  mass  in  each  of  these  samples  is  experimentally  determined  by  comparing  the 
plasma  frequency  obtained  from  far  infrared  measurements  with  the  oanier  concentration  obtained  from 
Shubnilcov  de  Haas  measurements,  The  resulting  values  are  compared  with  the  results  of  a  two  band  Kane 
calculation  of  the  Fermi  level  effective  mass  in  the  taUe.  It  can  be  seen  that  both  experiment  and  theory 
give  values  considerably  larger  than  the  bulk  effective  mass  of  0<0106.  We  have  not  been  able  to  resolve 
the  expected  carrier  density  dependence,  however. 

3.  Chanaea  in  Electron  Mobility 

Electron  mobility  is  of  oonsidersble  importance  in  low  dimensional  structures.  It  is  therefore  of  interest  to 
compare  the  mobilities  measured  by  transport  measurements  with  those  derived  from  the  plasma  damping 
seen  in  the  far  infrared.  The  table  shows  that  the  far  infrared  mobility  values  are  roughly  half  those 
obtained  from  Hall  meuurements.  The  mobility  appears  unaffected  by  the  position  of  the  dopants  (i.e.  in 
the  weLi;  or  in  the  barrieti),  but  the  more  highly  doped  sample  shows  a  lower  mobility. 

In  summary,  we  have  demonstrated  a  number  of  important  effects  which  assist  in  understanding  phonon 
and  free  carrier  behaviour  in  InAS|^St^  alloys  and  superiattloes. 
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TyplotJ  DFTS  MmpUtude  $nd  phase  spectra. 
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ChAfActiiriiiAtion  of  hydrog«nAt«d  iiillcon  nitrid*  filmn 
by  low  tonporAturo  FTIR  apoctrottcopy 

n.  n.  PradhAn  and  M.  Arora 

National  Phyaleal  Laboratory,  Dr.  K.  S.  Kriahnan  Road 
N«w  Oalhi-110012 ,  India 


ABSTRACT 

Low  tamparatura  FTIR  apactroacopy  of  hydroganatad  aillcon 
nitrida  filna  ravaalad  many  molaeular  apaclaa  which  ara  not 
obaarvad  at  atnbiant  tamparatura .  Tha  broad  band  at  700-1100  curl 
aplita  into  thraa  banda  at  744,  82S  and  890  cm''  at  50K.  Similar¬ 
ly  NH  group  givaa  atrong  abaorption  band  at  low  tamparatura. 

ij,  INTRODUCTION 

Silicon  nitride  filma  grown  on  ailicon  aubatrata  hava  baan 
uaad  in  large  number  of  applicationa  by  alactroniea  induatry. 
Many  authora  [1  “  S]  hava  uaad  infrared  (IR)  apactroacopy  to 
obaarva  tha  praaanca  of  different  molaeular  groupa  praaant  in 
thaaa  filma.  Different  workara  [4  -  7]  hava  ahown  tha  tamparatura 
dependant  broadening  and  frequency  ahift  of  IR  banda  due  to 
interaction  of  inter  and  intra  molecular  vibrational  and  rota¬ 
tional  lavala.  Tha  purpoaa  of  thia  work  ia  to  uaa  low  tamparatura 
FTIR  apactroacopy  for  tha  charactariaation  of  hydroganatad  aili- 
con  nitrida  filma  grown  on  ailicon  aubatrata. 

MEASUREMENTS  AND  RESULTS 

Hydroganatad  ailicon  nitrida  filma  ware  grown  on  ailicon 
wafer  by  PECVD  technique  uaing  ailana,  ammonia  and  nitrogen  in 
tha  ratio  1:2:4  and  heating  tha  wafer  at  250*C.  IR  abaorption 
maaauramanta  ware  dona  on  a  Digilab  FTIR  apactrophotomatar  Modal 
20E/V  fitted  with  Air-Product  cryoatat. 

Fig.  1  rapraaanta  IR  abaorption  maaauramanta  of  a  200  nm 
thick  film  in  tha  region  1100-680  cm~*  at  300K,  200K  and  50K 
tamparaturaa .  Thia  broad  abaorption  band  at  300X,  aplita  into 
thraa  banda  at  744,  625  and  890  cm***  in  tha  maaauramanta  at  8T)K. 
Tha  band  at  825  cm'*!  ia  aaaignad  to  Si-N  bonda,  tha  744  cm***  ia 
aaaignad  to  nitrogen  aitaa  where  Si-N  bonda  and  local  ailicon 
network  ara  diatortad.  Tha  ahouldar  at  890  cm"^ in  tha  maaaura¬ 
manta  ia  attributed  to  tha  overtone  of  424  cm***  band  due  to  Si-N 
breathing  mode. 
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of  A  hydregonatod 
grown  by  glow  dlo- 
Udlng  oilAn*  ,(601) 


ti  n.  Jl^i 

Fig.  1 

Fig.  2  roprooonto  IR  aboorption  apoetra 
anorphoua  ailieon  nitrid*  film  100  nn  thick, 
ehargo  CVD  in  an  induetivaly  eottplad  rtaetor 

and  ammonia  (20%).  Tho  NH  atratehing  vibration  naar  3300  cm"*  ia 
not  obaarvabla  at  30pK,  but  baeomaa  atrong  band  at  130K  and 
ahifta  to  3230  cm"'  .  Tha  band  at  3230  em*'  ia  aaaignad  aa 

aymmatrie  atratehing,  whila  tha  hump  at  3260  om'‘l  balonga  to 
antiaymmatrie  atratehing  modaa  of  N-H  group  praaant  in  tha  film. 

3j.  COWCLUflION 

Charaetariaation  of  ailieon  nitrida  filma  by  low  tampara- 
tura  FTIR  apaetroacopy  haa  not  only  idantifiad  tha  praaanea  of  NH 
group  which  ia  not  obaarvabla  at  ambiant  tamparatura  in  thin 
filma  but  aa  wall  ravaalad  tha  praaanea  of  thraa  banda  in  tha 
broad  band  atructura  of  1100-700  em"^  ,  which  ariaa  from  differ¬ 
ent  molecular  groupa. 
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Refleottnoe  Study  OTTJlO.  Qlmat 

A,  Memon,  M.N.  Khan  and  S.  AI-Dallal 
Department  of  Physics.  University  of  Bahrain 

D.B.  Tanner 

Department  of  Physics.  University  of  Florida.  Gainesville 

ABSTRACT 

The  llrequency  dependent  optical  and  dielectric  properties  of  binary  semiconducting  glasses  In  the 
aystem  t^aOsleo  r(^Oa)40‘X  (PbOlx  were  measured  as  a  function  of  lead  content.  It  was  found  that  the 
optical  phonon  frequencies,  and  the  reflectance  minima  in  the  oxide  glasses  appear  to  shift 
drastically  towards  the  lower  flrequency  as  the  PbO  Is  partially  substituted  in  these  glasses.  The 
activation  energy  calculated  on  the  basis  of  effective  dielectric  constant  appears  to  decrease  upon 
the  substitution  of  PbO. 


1.  INTROBUCnON 

In  VaOs  *  TeOa  glasses  several  studies  on  equilibrium,  structure.  swHchlng  mechanltm,  phase 
equilibrium  and  electrical  conductivity  has  been  reported  However,  there  Is  no  single 
measurement  which  has  employed  liwared  reflectance  to  study  the  optical  and  dielectric 
properties  of  these  compound  and  has  correlated  with  the  d.c  conductivity  measurement. 

In  the  present  work  the  extraction  of  the  activation  energy  of  the  glass  Is  based  on  the  power 
reflection  spectroscopy,  which  provides  the  values  of  frequency  dependent  dielectric  response 
function  when  analysed  by  Kramer-Kronlg  (K-K)  dispersion  routines.  The  effective  dielectric 
constant  obtained  by  (K>K)  is  then  used  with  Austin  and  Mott  theory  ^  to  extract  the  values  of 
activation  energy  and  other  physical  parameters. 

Two  glass  samples  with  the  composition  of  60%  VaOs  *  40%  TeOa.  and  60%  VaOa  •  20%  TeOa  ■  20% 
PbO  were  prepared  by  mixing  the  appropriate  amount  of  research  grade  VaOs.  TeOa  and  PbO.  The 
details  of  the  preparation  method  Is  described  elsewhere  The  Infrared  measurements  on  the 
optically  flat  polished  samples  were  performed  at  near  normal  Incidence  using  IBM  Brucker 
Interferometer  which  covers  the  100  •  6000  cm'^  range  whereas  for  NIR.  UV  and  visible  range  cany 
2300  spectro'photometer  was  utilized. 

a.  RMULTS  AND  DI8CU88IONB 

Effect  of  substitution  of  PbO  on  the  reflection  spectra  of  VaOs  ■  TeOa  system  Is  investigated.  Fig.  1 
shows  the  infrared  reflectance  spectra  of  VaOs  •  TeOa  Slaaa  containing  20%  of  PbO.  From  this  we 
observe  that  the  reflectance  of  the  glass  Increases  as  TeOa  partially  replaced  by  PbO.  Previous 
studies  on  VaOs  -  TeOa  system  have  reported  three  Infhired  absorption  bands  at  1010, 860  and 
660  cm'^  Our  reflectance  spectra  show  a  kink  at  1000  cm'\  a  shoulder  at  860  cm'^  and  a  peak  at 
680  cm'^  These  modes  get  weaker  and  shift  to  lower  frequencies.  The  reflectance  minimum 
which  occurs  at  1000  cm'^  Is  seen  to  be  shifted  by  25  cm‘^  when  20%  TeOa  Is  replaced  by  20%  PbO. 
No  localized  mode  due  to  PbO  Itself  Is  observed.  The  shift  of  the  vibrational  frequencies  to  the 
lower  frequencies  indicates  that  some  formation  of  Te>0*Pb  bridges  have  taken  place. 

Fig.  2  represents  the  real  part  of  the  frequency  dependent  dielectric  function  computed  from  the 
reflectance  data  of  Fig.  1  using  K-K  technique.  From  this  we  observe  that  above  3000  cm‘^  there  Is 
no  strong  absorption  mechanism.  Therefore,  at  high  frequencies  cifco)  attains  a  constant  value  e** 
which  allows  an  estimate  of  the  effective  dielectric  constant  Cp  ■  ■  n’*. 
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PREOUENCV  CM- I  FnCOUENCY  (CH-I> 

Fig.  1  ReflecUince  ipectra  for  60  V2O5  -  40  Tle02  ( _ )  Fig.  2  Hie  frequency  dependent  real  part  of 

and60V2O5 -20TeO2^20PbO(...)  dielectric  lUnctlon  for  60  V2O5  -40^02 

(.land  60  V2O5  -  2OTBO2  -  20  PbO  (...) 

The  theoretical  approach  for  the  activation  energy  in  the  semiconducting  oxide  glasses  is 
discussed  in  ref  The  calculation  of  physical  parameters  is  discussed  elsewhere  Using  the 
physical  parameters  and  measured  value  of  Cp  one  can  estimate  the  polaron  hopping  energy  (W^) 

from  relations  and  the  activation  energy  as  W  ■  Wd/2  where  Wj,  Is  the 

disorder  energy  for  the  vandate  system  caclulated  from  Wq*  Ke  /e^,  Here  Bq  is  the  static 
dielectric  constant,  and  K  is  a  constant  of  the  order  of  0.3.  Wq  is  calculated  using  the  estimated 
value  of  the  obtained  from  K'K  analysis.  Using  this  value  of  and  the  measured  values  of  Bp 
the  activation  energy  calculated  for  our  glasses  are  listed  in  table  I.  Our  measured  values  of  W, 
and  Wq  agrees  with  those  found  in  the  literature. 

Table  1 

Measured  values  of  dielectric  constant,  refractive  index  n  and  activation  energy  of  Vanadium 
Tellurite  glasses. 


These  measurements  suggest  that  the  dielectric  response  function  of  the  glass  Increases  on  lead 
substitution  and  hence,  the  dispersion  and  refractive  index  of  the  glass  Increases.  As  a  result  the 
conductivity  of  the  glass  Increases  and  the  activation  energy  decreases. 
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141120,  Russia 

ABSTRAOI 

A  general  quantum  theory  of  absorption  due  to  the  excitation  of 
phonons  In  optloally  anlsotroplo  dleleotrlo  crystals  have  been  oonsl- 
dered.  axpreaslons  for  the  Imaginary  part  of  the  dleleotrlo  susoeptl- 
blllty  tensor  for  the  prooesses  with  an  arbitrary  number  of  phonons 
are  given. 

IWPRODUQTIQN 

At  the  bands  between  the  frequenoles  of  fundamental  crystal  latti¬ 
ce  modes  at  IR  range  and  at  the  lower  and  hl^er  frequencies  only  the 
multiphonon  absorption  (UFA)  may  oontrlbute  to  the  lattice  absorption 
in  ideal  crystals  [1-5].  The  UFA  are  caused  either  by  "mechanical" 
anharmonlolty  (MA)  or  by  "optical"  anharmonlolty  (OA)  [1,4] (see  lower). 

Theoretical  Investigations  of  UFA  was  limited  as  a  rule  by  consi¬ 
derations  of  two-phonon  processes  [1].  But  the  theoretical  results  and 
experimental  data  are  available  [2-5]  about  posslbllltlae  of  essential 
contribution  or  predomination  of  the  UFA  pTOoesses  with  the  number  of 
participating  phonons  n>3.  At  the  known  theoretical  works  dedicated  to 
the  UFA  with  n>3  [2,3]  only  particular  kinds  of  such  processes  or  mo¬ 
dels  applicable  at  limited  frequency  regions  (for  example  at  the  near 
IR  range  [3])  have  been  considered.  Expressions  for  UFA  with  arbitrary 
n.  which  are  applicable  at  the  whole  frequency  region  o)  where  t 
is  the  phonons  life  time)  including  usually  IR  and  UM  ranges,  have 
been  considered  In  [4].  At  the  present  work  the  generalisation  of  this 
expressions  to  optically  anlsotroplo  ozystals  have  been  considered. 

EXPRESSIONS  FOR  THE  UFA 


Let  us  consider  the  expansions  of  electric  dipole  moment  of  crys¬ 
tal  U^  and  lattice  potential  energy  U  In  powers  of  atoms  displacements 
f37om  Its  equilibrium  positions: 


U±  t''  .  tt  as  ‘ 


ffhera  1  i.  th<  Index  of  Ou’taeiui  oomponent;  xj  is  ttie  Jth 

component  of  displacement  of  the  atom  with  Index  v>i(l,p),  1  Is  the 
index  of  primitive  unit  cell  of  crystal  lattice,  p  Is  the  Index  of 

atom  In  the  cell;  0  “  and  “  are  ooeff Iolanta  of  the 

**•^4  •  4  •  •  r 


expansions  (1).  0  at  n>2  and  Q  at  n>3  are  parameters  of  OA  and  UA 

n  n  j 

reapeotlvely.  The  harmonic  maorosooplo  electric  field  In  crystal  E  of 

frequency  ib  have  been  assumed  and  nonstationary  quantum  mechanical 

perturbation  theory  In  the  first  ozHler  [4]  iiave  been  used. 

Let  us  consider  for  example  the  n-phonon  absorption  due  to  the  OA. 

The  perturbation  operator  Is  where  Is  the  local  elec- 
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trio  field, 


xoo 


are  the  Lorente'e 


ooefflolente.  For  the 
of  the  dleleot- 


oontrlbutlon  of  euoh  prooeaeee  to  the  iniaglnary  pert 
rlo  permittivity  tensor  It  may  be  obtained: 

^  (grad  S  )"‘'l^^L^^*Re[fiP*(k)0!J^*'(k)] 


(2) 


M- 


zi 


.  (k  )Bh[liiiJ.  (k^)/2M?])w^  Bh(Wo.  /2ka’) 


{  n  u. 

r»1 

Where  (hf3/32'it®  )*‘"\  n  Is  the  volume  of  imlt  oell;  ti  and  k 

are  the  Planok'e  and  Boltamann'a  oonatante;  0?  la  the  absolute 
temperature  ;  p.»(t,a,R)  la  the  Index  of  kind  of  n~phonon  prooeaa  with 
the  phonons  belonging  to  the  set  of  lattice  vibrations  branohea 
t«(t, index  (r-1,...,n)  in  the  aet  b«*(b.  , . . .  ,b^)  have  the 

ma^ltudes  +1  and  -1  reapeotlvely  in  the  oaaaa  of  abBox«ptlon  and  exci¬ 
tation  of  phonon  of  branch  t^  In  prooess  ii;  in  addition,  a  obey  to  the 

requirement:  u)^(k)a  |jB^a3^(ky)>0,  where  1b  the  fx^quenoy  of  pho¬ 
ton  (t^,k^)  with  wave  vector  aurfaoe  in  apace 

k-(k^  I .  >  •  ,li^) ,  defined  by  the  next  ayatem  of  equations  (oonsex«vatlon 


laws)  [4]: 


n 


S,k  -K-0 
T**!  r 


(3); 


(4) 


w^(k)-(jj-o 

where  K  are  veotora  of  the  reolprooal  lattice;  the  al^  ~  means  that 
the  vector  k^  la  expressed  throu^  the  vectors  k^ , . . .  ^y  means  of 

13) 


;  grad  u),,  la  the  gradient  In  the  space  (k.  .); 

li.  ...d_  p.i.  ^  n-1 

1  n*  I'flll  aeZl  rv  rv 


where  is  the  radius-vector 


of  the  cell 


IV 


b^^i.  (that  la  obeying  to  the  requirement:  llab 


P“t’k,‘'t.k.-t:t. 


)  la  the 


b?^i,  -0 

1*1  *1  "1 

Jth  component  of  polarization  vector  of  atom  p  In  the  complex  normal 
vibration  (t^,k^)l  lip  Is  the  maaa  of  ntom  p. 

^e  analogous  expreaalona  have  been  obtained  for  the  MPA  prooesaea 
concerned  with  the  HA. 
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The  present  paper  concerns  a  study  of  the  life  time  Ti  o^  the  excited  2po  level  of  shallow 
donor  phosphorus  in  silicon  at  low  temperatures  (7  as  18  K)  and  in  the  absence  of  an 
external  magnetic  field.  The  experiments  are  performed  usin  g  the  free  electron  laser 
(FEL)  FELIX  of  the  FOM  institute  for  plasma  physics  Rijnhuizen.  As  discussed  below  7i 
is  determined  from  the  behaviour  of  the  Is  -*  2po  transition  at  27S  cm"^  upon  saturation 
with  this  laser. 

The  pulse  structure  of  FELIX  as  used  in  our  experiments  (It  emits  macropulses  with 
a  width  tm  =  5/us,  each  consisting  of  a  train  of  micropulses  with  a  width  a>  12  ps 
separated  by  =  1  ns)  plays  a  vital  role  in  this  study.  In  a  standard  cw  saturation 
experiment  the  steady  state  saturated  absorption  is  given  by 

where  oiq  is  the  unsaturated  absorption,  Tt  is  the  dephasing  time  and 

=  (2) 


is  the  Rabi  frequency.  Here,  |  Is)  and  |2po)  the  Is  and  2po  states,  Eo  the  amplitude  of 
the  electric  component  of  the  optical  field,  which  is  supposed  to  be  polarized  in  the  x- 
direction.  Finally,  e  is  the  elementary  charge  and  h  Planck’s  constant.  Thus,  cw  saturation 
experiments  yield  the  product  TiT%  only. 

Using  FELIX,  the  situation  is  comletely  different.  Eq.  (1)  is  based  on  Fermi’s  golden  rule 
which  is  only  valid  when  the  pulse  width  is  much  longer  than  7a.  However,  in  our  case 
the  inhomogeneous  width  of  the  transition  is  of  the  order  of  1/rm,  so  we  may  confidently 
assume  the  micropulse  length  <  73.  Then,  we  are  in  the  coherent  regime  and  during 
the  micropulse  the  transition  rate  and  hence  the  absorption  shows  an  oscilating  behaviour. 
As  a  result,  after  a  single  micropul  se 


oi{rm)  =  a(0)co8u;nf  ss  • 


(3) 


We  analyse  our  results  assuming  r„  <  Ta  <  Tf  <  7i  <  TM‘  As  discussed  above,  the 
first  inequality  is  very  plausible.  Afterwards,  we  check  whether  our  results  are  consistent 
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I  (W  m~2)) 

Figure  1:  Peak  absorption  peak  percentage  as  a  function  of  average  power  per  macropuls 
of  incident  FIR  radiation.  Xpttk^fl75  cmT^. 

the  next  two  inequ&litiei.  Then,  during  the  mecropu  lee  &  steady  state  absorption 

a  at  ofo - 11^ . r'  (4) 

1  + 

where 

(8) 

TV 

defines  the  average  Rabi  frequency  during  the  macropulse.  It  is  calculated  from  the 
average  power  during  that  macropulse.  It  is  seen  that  now  T\  may  be  directly  obtained 
from  the  experiment,  contrary  to  the  case  of  cw  saturation. 

The  experiments  are  performed  on  a  sample  of  5  Hem  Si:P  with  a  thickness  of  0.4  mm 
which  is  mounted  under  Brewster’s  angle,  are  shown  in  fig.  1.  It  is  checked  that  the 
Is  2po  transition  does  not  overlap  with  a  water  vapour  abs  orption  line  of  the  air  in 
the  set  up.  At  different  calibrated  laser  powers  frequency  scans  were  made  through  the 
absorption  lines  and  the  peak  absorption  is  determined  by  fitting  the  observed  absorption 
to  a  Gaussian  line  shape.  The  resulting  data  are  shown  in  fig.  1.  They  are  fitted  to 
eq.  4  using  (Is  |  x  1 2po)  »  1.50  x  10"’  nm.  As  result  we  find  Ti  ■>  0.5ps.  The  results  fit 
well  within  the  restrictions  assumed  above.  In  future  we  plan  to  extend  our  work  with 
cw  saturation  experiments,  so  we  are  able  to  extract  Ta  as  well.  Apart  from  providing 
a  unique  new  way  to  determine  Tg,  it  also  allows  to  check  whether  really  Ta  <  rr  as 
assumed  above. 
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FT-FIR  magneto-spectroscopy  on  resonant  bound  polarons 

in  n-GaAs 

A.J.  van  der  Sluijs,  K.K.  Geerinck,  T.O.  Klaassen,  W.Th.  Wenckebach 
Faculty  of  Applied  Physics,  Delft  University  of  technology,  The  Netherlands 

Abatraci 

Resonant  polaron  effects  on  donor  metastable  states  in  n-GaAs  in  external  magnetic  field  have  been 
studied  using  a  FT-FIR  spectrometer  in  the  100  -  350  cm**’  region.  Pinning  effects  are  observed  near 
both  the  (Iso  -f  1  LO*phonon)  and  the  (2p-i  -i- 1  LO-phonon)  energies.  The  results  are  compared  with 
theory. 

Introduction 

The  electron-optical  phonon  interaction  in  polar  materials  generally  has  three  effects  on  the 
electron  Landau  levels.  The  first  effect  Is  a  magnetic  field  independent  energy  shift  -ahuLO‘ 
The  second  is  an  enhancement  of  the  electron  effective  mass  by  a  factor  (1  +  f  )•  The  third, 
resonant,  effect  occurs  when  En  -  Enmo  huio  and  consists  of  a  splitting  of  the  energy  levels 
and  a  pinning  of  the  lower  energy  level  to  the  optical  phonon  energy.  The  effects  on  donor 
excited  states  are  expected  to  be  similar  to  those  on  Landau  levels.  Until  now,  experimental 
results  are  only  known  for  the  2p4.i  state  [1,  2]. 

We  report  an  investigation  of  the  resonant  effects  on  the  donor  metastable  states  {N,  m,  v)  = 
(3, 1,0)  and  (4, 1,0).  Relating  all  energies  to  the  donor  groundstate  Isq,  resonant  effects  occur 
when  the  (N,m,u)  energy  approaches  either  the  optical  phonon  energy  or  the  energy  of  the 
2p-i  plus  one  phonon  state. 

Experiments 

In  photoconductivity  experiments  on  a  high  purity  n-GaAs  sample,  transitions  from  the  Iso 
ground  state  to  the  (3, 1,0)  and  (4, 1,0)  metastable  states  are  studied  as  a  function  of  magnetic 
field  at  T=:4.2  K.  All  spectra  are  obtained  using  a  BOMEM  FT-FIR  spectrometer,  together 
with  a  telescopic  light  transport  system  to  couple  FIR  radiation  into  a  liquid  helium  cryostat. 
The  sample  was  mounted  in  the  centre  of  a  superconducting  magnet,  providing  fields  up  to  9T. 

As  shown  in  figure  1,  Just  above  the  LO-phonon  energy  the  upper  branches  of  the  split 
levels  are  observed.  The  lower  branches  are  unobservable  because  of  the  strong  reststrahlen 
reflection  between  approximately  270  cm~*  and  296  cm'^  The  dashed-dotted  lines  represent 
the  unperturbed  (3, 1,0)  and  (4, 1,0)  energy  levels,  including  a,  field  dependent,  correction  for 
band  non-parabollclty.  The  next  resonance  occurs  when  E{N,m,v)  w  £?(2p_i)  -f  Awlo.  Since 
this  phonon  level  lies  clear  from  the  reststrahlen  band,  the  pinning  of  the  lower  polaron  branches 
to  the  (2p-i  -f  1  LO-phonon)  energy  can  be  observed.  The  upper  branches  were  not  observed 
because  of  system  limitations. 

Discussion 

Lacking  information  on  the  eigenfunctions  of  metastable  states,  an  analytic  approach  of  the 
resonant  effects  is  not  possible.  Therefore  we  use  a  very  simple  model  to  describe  the  pin¬ 
ning  effects,  including  only  the  resonant  levels.  Starting  from  the  experimentally  determined 
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unperturbed  energies,  which  are  the  eigenvalues  of  the  unperturbed  Hamiltonian,  oiF>diagonal 
matrix  elements  representing  the  electron-phonon  coupling  are  included.  The  level  antlcrosslng 
effects  are  found  by  diagonalizing  the  resulting  matrix.  The  following  unperturbed  levels  are 
used:  The  LO-phonon  energy  is  296.4cm~*,  the  (3,1,0)  and  (4,1,0)  energies  follow  from  the 
low  Aeld  data,  including  a  correction  for  band  non-parabollclty,  and  the  2p-i  energy  is  also 
known  experimentally.  The  matrix  elements  of  the  electron-phonon  coupling  are  in  this  ap¬ 
proach  parameters  that  are  varied  to  obtain  a  best  At  to  the  experimental  data.  Treating  the 
(3, 1,0)  and  (4, 1,0)  energy  levels  independently,  the  curves  shown  in  Agure  2  are  obtained. 

We  And  that  the  electron-phonon  coupling  for  the  (3,1,0)  state  is  a  factor  1.05  stronger 
than  that  for  the  (4,1,0)  state.  Larsen  concludes  that  the  effects  on  donor  states  are  similar 
to  those  on  Landau  levels  [1].  Comparing  our  results  to  those  of  Pfeffer  et  al.  who  calculated 
a  factor  1.2  for  the  ratio  of  the  coupling  strenghts  of  the  Nb:3  and  Nb4  Landau  levels  [3],  we 
conclude  that  our  results  are  qualitatively  consistent  with  theirs. 
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ABSTRACT 

Results  (torn  megawatt  gyrotron  experiments  operating  between  1 10  and  140  OHx  will  be  presented.  The  beam  velocity 
spread  has  been  measured  using  a  retarding  potential  diagnostic.  The  measured  peipendicular  velocity  spread  was  typically 
between  ±10%  and  ±13%  for  velocity  mtios  between  1.3  and  2.a  The  spread  was  larger  at  higher  beam  currents.  Good 
agreement  was  also  obtained  between  two  s^tamte  measurements  of  the  velocity  ratio.  A  new  experiment  at  1 10  OHx  is  now 
being  ossembied.  This  device  wiii  operate  in  the  TBi2,<,i  mode  and  will  have  an  internal  converter  to  produce  a  Gaussian 
output  beam. 


1.  140  GHi  EXPERIMENTS 

High  frequency  gyrotrons  suitable  for  ECRH  are  presently  being  investigated  at  MIT.  Our  racer.:  goal  has  been  to 
increase  the  efflcicncy  to  levels  predicted  by  theory  (40*30%).  In  order  to  reach  that  goal,  we  have  investigated  a  voriey  of 
cavity  shapes,  identlfled  weak,  parasldc  modes  that  can  degrade  the  efflciency*,  and  measured  the  beam  quality.  The  best 
results  to  date  has  been  achieved  with  a  two*tection  cavity,  which  oonalsis  of  two  cylindrical  sections  of  slightly  dlfTerent 
radii.  Care  mutt  be  taken  in  the  first  section  to  reduce  the  dlfltactlve  Q  of  higher  order  axial  modes  that  can  compete 
with  the  desired  mode.  Recent  experiments  have  produced  powers  up  to  1.33  MW  at  140  QHx  in  the  TEu^t  mode.  This 
represents  an  cfflclency  of  40%,  with  42%  being  achieved  at  the  1  MW  power  level.  Mode  nuips  Indicate  that  high  power 
can  be  achieved  with  the  two*sectlon  cavity  over  a  wide  range  of  operating  apace.  Power  and  efflciency  measurements  are 
in  agreement  with  predictions  based  on  self-consistent  non*ltnear  theory  using  the  measured  beam  velocity  ratios  (a). 

One  of  our  concerns  in  these  experiments  hat  been  the  need,  at  we  Increase  the  beam  current,  to  reduce  the  velocity 
ratio  to  achieve  the  highest  output  power.  In  order  to  determine  whether  this  is  an  indication  of  higher  velocity  spreads 
at  higher  current,  we  have  measured  the  parallel  electron  velocity  distribution  using  a  retarding  potential  diagnoatlc.  This 
diagnostic  consists  of  a  slotted  plate  that  allows  about  3%  of  the  beam  to  be  transmitted  through  a  cylinder  to  a  collector, 
This  cylinder  is  biased  to  high  negative  voltage,  and  the  collected  current  is  measured  as  a  function  of  this  voltage,  giving 
the  distribution  Ainctlon.  The  measurements  ore  made  at  one-fourth  the  normal  cathode  voltage  In  order  to  avoid  breakdown. 
The  beam  current  and  magnetic  field  are  also  reduced  in  such  a  manner  as  to  preserve  the  beam  radius  and  thickness.  Data 
was  taken  for  both  dynamic  and  static  bias  voltages.  For  the  dynamic  voltage  case,  the  repelling  voltage  was  swept  during 
the  3  psec  gyrotron  pulse  to  give  the  distribution  function  in  a  single  shot  In  the  static  bias  case,  the  repelling  voltage 
was  constant  during  each  shot,  and  adjusted  in  steps  over  a  series  of  shots.  Both  methods  produced  similar  results.  The 
perpendicular  velocity  spread  was  calculated  assuming  a  mono-energetic  beam.  It  was  found  that  the  spread  wu  relatively 
constant  for  a  ^  0,7  and  increased  with  the  beam  current  Results  are  shown  in  Pig.  1.  Note  that  data  is  given  in  terms  of 
the  reduced  beam  currenu,  which  must  be  multiplied  by  a  factor  of  eight  to  scale  up  to  high  voltage  operation.  In  Pig.  2  a 
comparislon  it  made  of  the  average  beam  a  as  measured  by  a  capacitive  probe^  before  the  cavity  and  a  inferred  flrom  the 
distribution  (Unction.  Both  approaches  are  in  good  agreement  for  1  <  a  <  1.8.  Above  this  range  the  capacitive  probe  gives 
somewhat  higher  values  of  a. 


2.  no  GHi  GYROTRON  DESIGN 

In  our  next  set  of  experiments  a  110  GHx  gyrotron  with  an  internal  converter  will  be  tested.  The  TBuai  mode  was 
chosen  in  order  to  have  ohmic  wall  losses  well  below  1  kW/cm*.  ^vioui  MIT  experiments’  at  267  OHx  Indicate  that  this 
should  be  a  good  operating  mode.  The  267  GHx  experiments  Involved-the  TBiu.i  mode,  and  produced  a  maximum  output 
power  of  337  kW  at  80  kV  and  33  A  for  an  efficiency  of  19%.  At  IS  A,  the  efficiency  increased  to  27%.  The  TBju.t  could 
be  excited  over  a  wide  range  of  parameters,  suggesting  that  mode  competition  was  not  a  miiijor  limiting  factor.  Good  results 
have  also  been  obtained  in  Russia  with  this  class  of  modes^. 
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A  lube  design  has  been  completed  that  contains  an  erfleient,  internal  rippled-wall  converter’  that  will  be  used  to 
produce  a  Oausstan  beam  and  separate  the  radiation  from  the  electron  beam.  It  is  hoped  that  this  arrangement  will  reduce 
the  deleterious  cITccts  of  window  reflections,  and  provide  better  pumping  conductance  within  the  vacuum  tube.  The  first 
cavity  to  be  tested  will  be  a  standard,  tapered  cavity  with  the  following  parameters;  4"  input  linear  taper,  a  nonlinear  uptaper 
at  the  output  to  the  converter  that  operates  at  6%  above  cutoff,  and  an  axial  rf  profile  with  a  width  LA  of  6.S.  The  transition 
from  the  input  taper  to  the  straight  section  will  be  rounded  in  order  to  minimze  mode  conversion  that  could  cause  power 
leakage  back  towards  the  gun.  The  large  input  angle  and  relatively  short  interaction  length  were  selected  in  order  to  avoid 
multJmoding  that  could  limit  the  efficiency’.  The  diffractive  Q  is  850,  and  the  peak  ohmic  losses  arc  0.8  kW/cm^  at  1 
MW.  We  have  modelled  the  cavity  using  self-consistent  theory  and  assuming  a  beam  with  an  a  of  1.6  and  perpendicular 
spread  of  ±10%.  The  simulations  indicate  1.2  MW  is  possible  with  a  77  kV,  34  A  beam  for  an  efficiency  of  46%.  The 
mode  converter  operates  close  to  cutoff  in  order  to  reduce  the  converter  length  to  about  14  cm  and  provide  clearance  for 
the  electron  beam.  One  concern  we  have  had  with  operation  near  cutoff  v  as  the  possibility  of  beam-rf  Interaction  outside 
the  cavity.  However,  simulations  indicate  that  the  Interaction  does  end  early  in  the  nonlinear  uptaper,  primarily  due  to  the 
dropoff  In  the  magnetic  field.  In  the  upcoming  experiments  wo  will  be  measuring  the  efficiency  of  the  cavity  and  internal 
converter,  and  couple  the  output  Oausslan  beam  into  corrugated  transmission  line. 

This  work  is  supported  by  U.S.  DOE  contract  DE-FC02-93-BR-S4186. 
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Figure  1.  Measured  velocity  spread  versus  the  beam  vc-  Figure  2.  Comparison  of  the  beam  velocity  ratio  mca- 

locity  ratio  for  beam  currents  of  1.9  A  (circles),  3.6  A  sured  by  the  retarding  potential  diagnostic  (vertical  axis) 

(squares),  and  5.0  A  (triangles).  and  the  capacitive  probe  (horizontal  axis). 
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ABSTRACT 

Vsrian  it  canying  out  the  development  of  high*power,  CW  gyrotioni  at  ftequendes  ranging  from  100*140  GHs. 
Recent  experiments,  carried  out  at  a  frequency  of  1 10  OHx,  nsulied  in  the  generation  of  output  powers  of  SOO  kW  for  2,S« 
second  pulses  and  1  MW  fori  ms  pulse  dundons.i  Hie  output  mode  of  this  tube  was  a  whiqperlng*gallery  mode,  based  on 
the  TB^2  mode  employed  in  the  Interaction  cavity.  Cunent  design  activity  is  aimed  at  producing  a  1  MW  CWgyrotnm  at 
the  tame  fktquency,  but  with  a  gsussian  output  mode  structure.  This  type  of  output  mode  is  desirable  for  1ow*1obs 
transmission  in  a  oomigated  waveguide  or  minor  transmission  line.  In  addition  to  the  change  in  output  coupling,  the  cavity 
mode  will  be  changed  to  the  TB22,6  mode.  The  higher  order  cavity  mode  la  consistent  with  higher  power  or  highw 
frequency  requirements  that  will  be  addresand  in  tubaequent  devefopment  activities. 

1,  INTRODUCTION 

Electron  cyclotron  resonance  heating  (ECRH)  requiremenli  for  planned  magnetic  Aiaion  expeihnents  such  as  the 
International  Thermonuclear  Experimental  Reactor  (IT^  will  require  mllllmetar>wave  sources  capable  of  output  powcn  of 
at  least  1  MW  CW  at  frequenciM  in  the  range,  100*^  OHx.  Reo^megawatt*level  development  work  at  Varian  resulted  in 
a  gyration  design  that  was  tested  to  output  powers  of  1  MW  for  short  pulses  (-1  ms)  and  500  kW  for  2.5>s  pulses  at  a 
frequency  of  1 10  OHs.^  The  ouqwt  mode  of  this  tube  was  a  whiqiering-^lery  mode,  baaed  on  the  TB22,2  mode  employed 
in  the  interaction  cavity.  Pnaent  design  efforts  are  centered  around  the  introduction  of  a  mode  converter,  In^  the  tute,  that 
transforms  the  waveguide  ouqxit  mode  from  the  cavity  to  a  gaussian  beam,  before  the  output  power  exits  the  tube,  Other 
design  activities  are  related  to  the  thermal  management  problems  that  arise  in  operating  under  frill  CW  conditions  at  outyut 
powers  of  1  MW.  The  present  development  plan  Involves  the  construction  of  two  tubes,  each  with  several  test  iterations, 
with  the  ultimate  goal  of  achieving  1  MW  CW  with  a  gausaian>'Uke  output  mode. 

Much  of  the  design  of  the  flist  experimental  tube  will  be  similar  to  the  one  employing  the  TB22,2  c*vlty  mode, 
discussed  above.  The  electron  gun,  collector  and  output  window  will  be  of  nearly  Identioal  de^,  and  the  cavity  will  utilise 
the  same  TE22,n  class  of  modes.  The  mitjor  change  will  be  in  the  ouqmt  coupling  portion  of  the  tube.  Below  we 
summarize  the  design  of  the  mqjor  elements  of  the  first  experimenud  tube  with  a  gaussian  or  gauaslan^ike  ouqxit  mode. 

2.  DESIGN  OP  OYROTRON  WITH  INTERNAL  CONVERTER 

2.1  Electron  gun 

The  first  experimental  tube,  with  a  gausaian-like  output  mode,  will  make  use  of  the  same  electron  gun  design 
employed  on  the  earlier  TE22,2'>node  design.  The  decision  to  utilize  a  cavity  interaction  employing  the  same  TE22,n  clau 
of  modes  at  the  same  frequency,  means  that  the  desired  electron  beam  parameien  are  essentially  itotical  to  thatln  theearllm' 
design.  This  electron  gun  is  a  double-anode,  magnetron-iitjection  gun,  that  operates  at  a  beam  voltage  of  80  kV  and  a 
nominal  beam  current  of  33  A.  In  the  cavity,  the  avenm  radius  of  the  hollow  beam  corresponds  to  the  innermost  radial 
maximum  of  the  cavity  electric  field.  Computer  simulations  of  the  electron  gun  predict  a  perpendicular  velocity  qnead  of 
±4%  for  a  perpendlcular-to-parallel  velocity  ratio  (a)  of  2.0.  In  operation,  it  was  found  that  the  achievable  value  of  a  was 
somewhat  lower  at  frill  operating  current  (limited  by  mirroring  elections),  so  the  tube  design  will  be  optimized  for  a  value  of 
a  ■  1.3. 
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2.2  Cavity 

The  decision  has  been  made  to  use  a  TO22,6,l  mode  in  the  cavity.  As  with  the  TE22,2,l  cavity,  the  electron  beam 
will  be  situated  on  the  innermost  electric  fleld  maximum  of  the  cavity  mode.  The  increase  in  cavity  size  from  the  TB22,2,l 
mode  will  make  cavity-wall-loading  problems  much  less  severe  and  thus  enable  use  of  a  significantly  higher-Q  cavity  design. 
The  higher  Q  should  serve  to  stabilize  operation  in  the  desired  mode  more  effectively  than  in  the  tower  Q  design  employed 
with  the  TE22,2,1  mode,  and  thereby  lead  to  higher  efficiency  operation ,  Initial  designs  being  considered  have  a  Q  of  about 
1000  with  pe^  wall-loading  values  of  less  than  1  kW/cm^  for  ideal  copper  cavity  walls.  Use  of  the  TE22,6,1  mode  is 
consistent  with  higher  power  or  higher  frequency  requirements  that  will  be  the  subject  of  subsequent  development  activities. 

2.3  Output  coupler 

An  infernal  converter,  after  the  Interaction  avity,  will  serve  to  transform  the  TE22,6  mode  produced  in  the  cavity  to 
a  gaussian-like  beam  that  will  exit  the  tube  peipendicular  to  the  tube  axis.  The  converter  design  Is  similar  to  the  one 
described  by  Denisov  et  al.^  and  consists  of  a  section  of  waveguide  with  small  perturbations  to  transform  the  ouqrut 
waveguide  mode  into  a  gaussian-like  geometry,  followed  by  a  system  of  mirron  that  provide  ftmher  shaping  of  the  ou^ut 
into  a  microwave  beam,  with  the  desM  gaussian-mode  parametert,  and  direct  the  resultant  power  to  the  ouq)ut  window, 
Initial  designs  have  calculated  efficiencies  of  greater  than  9S%  hi  transforming  the  1^22,6  out^t  mode  fiom  the  cavity  into 
agaussian  mode. 

2.4  Collector 

The  electron  beam  collector  will  be  quite  similar  to  the  one  used  in  the  earlier  tube  with  the  TB22,2  mode  that 
employed  radial  extraction  of  the  spent  election  beam,^  The  electron  beam  will  be  collected  after  the  microwave  power  has 
been  transmitted  through  the  output  window.  The  diameter  of  the  collector  in  the  first  tube  will  remain  at  24  inches.  Some 
changes  in  the  magnetic  environment  have  been  made  since  there  is  no  longer  the  need  to  direct  the  electron  beam  though  a 
narrow  slot  in  the  ouqiut  waveguide, 

2.5  Output  window 

The  ouqiut  window  for  the  first  experimental  tube  with  an  internal  converter  will  be  quite  similar  to  the  4-inch 
diameter,  double^sk,  sapphire  design  employed  on  the  earlier  TB22,2'mode  tube,*  Pace-cooling  of  the  two  sapphire  discs 
is  provided  by  a  low-loss  dielectric  fluid.  It  will  have  the  captdrllity  to  transmit  between  200-700  kW  CW,  depending  on  the 
exact  parameters  of  the  gaussian  mode  that  results  from  the  internal  coupler  system,  Fbr  Aill  1  MW  CW  operation,  altemate 
geometries  and  cooling  methods  are  currently  being  studied, 

3.  SUMMARY 

The  demonstration  of  a  Ml  1  MW  CW  tube  with  a  pusslan  output  mode  will  provide  an  Important  tool  for  use  in 
upcoming  fusion  experiments.  The  use  of  a  gaussian  output  mode  (as  o^aed  to  a  waveguide  output  mode)  should  result 
In  the  most  effective  overall  system  design  for  such  experiments.  The  first  experimental  tube  in  our  effort  to  develop  a 
gyrotron  with  these  parameters  will  be  an  important  step  in  achieving  the  ambitious  goals. 
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1.  INTRODUCTION 

KfK  is  continuing  the  development  of  14o  oHz  high  power  gyrotrons  for  electron  cyclotron 
wave  (ECW)  applications.  Experiments  with  a  TE\oa  moeJe  gyrotron  have  been  performed  using 
an  axial  rf  output  coupling.  The  achieved  maximum  output  power  of  this  version  amounted  to 
0.7  MW  in  the  design  mode  with  a  mode  purity  of  about  99  %  and  an  electronic  efficiency  of 
26  %,  Since  these  experiments  have  been  performed  using  the  sujperconducving  magnet  .system 
designed  for  the  previous  TEo,^  mode  tube  the  pulse  lengtn  was  limited  to  5  ms.  With  a  more 
appropriate  magnet  system  with  increased  bore  hoic  diameter  which  aiiows  the  use  of  a  built-in 
quasiopticai  converter  a  pulse  length  of  up  to  300  ms  with  0.5  MW  rf  power  is  expected. 

In  the  following  we  will  present  some  experimental  results  with  respect  to  frequency  step- 
tuning  of  the  TE\n,A  mode  gyrotron  and  describe  the  radial  output  coupling  system. 

2.  FREQUENCY  STEP-TUNING 

One  of  the  main  advantages  o^  ECW  heating  fusion  plasmas  is  the  well  localised  energy 
deposition  of  the  microwave  beam.  By  tuning  the  frequency  of  the  generator  it  is  po.ssible  to 
heat  and  to  stabilize  well  defined  areas  of  the  plasma  without  the  need  for  a  steerable  launching 
mirror.  This  will  require  a  tunable  mm-wave  source. 

In  gyrotrons  the  frequency  can  be  varied  by  changing  the  operating  mode.  It  has  been  shown 
that  frequency  step-tuning  of  gyrotrons  operating  in  high  order  modes  is  possible''^.  Different 
modes  may  be  excited  by  (fast)  tuning  of  the  beam  voltage  or  (slow)  variation  of  the  magnetic 
field.  Azimuthal  neighbouring  modes  seem  to  be  suitable  for  frequency  step-tuning  in  a  gyro- 
tron  as  their  radial  structure  is  very  similar  to  that  of  the  main  mode.  Subject  to  this  condition 
the  coupling  of  the  electron  beam  and  the  rf  wave  in  a  gyrotron  resonator  is  comparable  for 
these  modes.  This  behaviour  is  shown  in  Fig.  I  for  the  TEio,4  mode  and  its  neighbours.  Although 
the  frequency  spacing  of  approximately  7.4  GHz  of  these  modes  is  probably  loo  large  to  fulfill 
the  requirements  for  fusion  plasma  applications,  investigations  with  respect  to  single  mode  op¬ 
eration  and  output  power  can  be  performed. 

By  increasing  and  decreasing  the  magnetic  field  (-«5.3  %)  wo  optimized  the  tube  to  oscillate 
In  the  TEii,4  (147.4  GHz)  and  TEm  (132.6  OHz)  mode,  respectively.  In  the  TEm  mode  we 
achieved  420  kW  rf  power  at  25  A  (to  bo  compared  with  TEio,4:  600  kW).  Wc  observed  strong 
mode  competition  with  the  modes  TE|,4  (124,96  OHz)  and  TEn.)  (126.24  GHz).  It  is  assumed 
that  this  effect  is  supported  by  a  high  amount  of  reflection  of  these  modes  at  the  window  (up  to 
35  %)  which  is  tuned  to  140.0  GHz.  Taking  realistic  beam  properties  and  window  reflections 
into  account  the  measured  peak  output  power  of  the  TE^  mode  is  in  reasonable  agreement  with 
numerical  calculations. 

Fig.  2  shows  the  oscillating  area  of  the  TEn, 4  mode  In  the  Umo4*Ub««m  plane.  Several  frequencies 
spaced  by  approximately  60  MHz  have  been  observed  for  the  TEn, 4  mode,  corresponding  to 
different  longitudinal  modes  of  the  long-line  cavity  formed  by  the  gyrotron  resonator  and  the 
(reflecting)  window.  The  maximum  output  power  in  this  mode  was  300  kW. 
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3.  BUILT-IN  QUASIOPTICAL  CONVERTER 
The  built-in  highly  el^rtclent  quasloptlcal  converter  and  a  focusing  matching  mirror  system 
(three  reflectors)  has  been  manufactured  according  to  design  criteria  given  by  Pretterebner  ct 
al.  (1992)^  Low  power  tests  are  in  progress.  After  assembling  and  conclilioning  of  the  lube  with 
the  radial  outcoupling  scheme  first  high  power  experiments  will  start, 

4.  CONCLUSIONS 

We  have  seen  that  it  is  possible  to  operate  the  mode  gyrotron  In  the  azimuthal  neigh¬ 
bouring  modes,  thus  giving  the  possibility  to  change  the  frequency  of  the  rf  output.  One  limiting 
factor  is  the  broadband  characteristic  of  the  single  disc  window  used  In  the  experiments.  Strong 
reflections  at  the  window  which  propagate  back  to  the  Interaction  region  may  increase  the 
problem  of  mode  competition  in  the  step-tuning  experiments.  To  avoid  these  complications  KfK 
is  developing  broadband  mm-wave  windows. 
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Fig,  1:  Coupling  coefficient  for  beam-wave  Fig.  2:  Oscillating  area  of  the  TEn, 4  mode, 
in  teractlon. 
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Introduction 

For  electron  cyclotron  heating  to  be  economically  attractive  for  large  scale  tokamiks,  such  as  ITER,  the  unit  power  source, 
the  gyrotron,  Aould  be  above  1  MW  cw.  At  frequencies  of  interest,  » 140  QHz,  mode  competition  makes  the  realization  of 
such  high  power  devices  quite  difficult.  Reduction  of  the  number  of  modes  that  compete  by  use  of  a  coaxial  Insert  in  the 
cavity  has  been  found  to  ^  effective.  We  report  here  on  the  design  of  a  3  MW,  140  GHz  gyrotron  based  on  the 
mode,  including  brief  discussions  of  the  cavity,  electron  gun  and  ouqtut  mode  converter. 

Cavity 

1110  TBji.ii  mode  wu  chosen  because  it  has  a  ratio  of  the  radial  to  azimuthal  eigenumbers  similar  to  the  TBa,i„  which  wu 
found  in  a  previous  study  of  a  280  OHz  gyrotron  to  have  high  efficiency,  and  has  an  acceptable  ohmic  heating  in  the  outer 
wall.  For  small  radii,  the  heating  of  the  inner  conductor  is  a  sharply  increasing  Amotion  of  Inoreulng  radius.  This  gives  sn 
upper  bound  for  the  inner  conductor  radius.  Limiting  the  ohmic  heating  to  700  W/cm*  Axed  the  inner  conductor  radius  to 
6  mm.  To  determine  the  efficiency,  a  code  modeling  the  non>llnear  interaction  of  a  beam  with  several  modes  present 
simultaneously  was  used.  Results  with  and  without  spread  in  velocity  in  the  beam  were  obtained.  The  axial  profile  of  the 
RF  field  was  taken  u  the  eigenAmotion  of  die  cavity  withom  the  beam,  i.e. ,  the  solution  was  not  self  consistent.  This  has 
been  found  to  be  a  good  ^iproximation  in  Mvltiea  with  similar  Q’s,  but  lower  order  modes.  The  average  radius  of  the  beam 
was  8. 13  mm,  on  the  first  peak  of  the  oo<rotating  mode.  DtUailed  studies  were  made  with  a  beam  voltage  of  95  kV  and  a 
current  of  70  A.  In  order  to  model  the  start>up  phase  of  the  operation,  which  hu  bean  found  in  previous  studies  to  be 
critical,  the  aimulation  was  started  at  a  voltage  of  SO  kV,  at  which  the 
beam  velocity  ratio,  a,  wu  predicted  to  be  0.69,  and  the  start 
ourrenU  of  all  but  a  few  modu,  quite  high.  Those  that  had  sburt 
currents  lus  than  the  beam  current  were  included  in  the  initial 
aimulation  run.  ResulUi  of  the  simulation,  starting  at  65  kV,  are 
shown  in  Figure  2.  The  mode  at  65  kV  is  TBj|,|],  followed  by  the 
TEu,„  at  70  kV-  80  kV,  with  TE,,.,,  starting  at  85  kV.  Several 
other  modu  started  at  voltage  changw,  but  were  suppressed.  The 
TB]|,|3  mode  is  stable  until  97  kV.  The  final  efficiency  wu  45  R. 

This  wu  roughly  the  same  u  that  found  within  the  previous  study  of 
the  TEi,,||  mods  where  a  Gaussian  axial  profile  of  ths  RF  field  wu 
used.  For  the  study  of  the  TBi|,ii  mode,  the  profile  calculated  for  the 
aohial  (cold)  cavity  wu  used. 

Electron  Gun 


The  electron  gtin  is  an  inverted  magnetron  Iqjection  gun  (MIG),  u 
shown  in  Figure  3,  The  inner  anode  is  at  ground  potential,  allowing 
the  support  of  the  inner  conductor  at  both  the  gun  and  output  end  of 
the  gyrotron.  The  outer  anode  is  also  at  ground;  thus  this  is 


Figure  1.  Axinl  profile  of  the  RF  fields  in  the 
TEmoj  cavity. 
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•ffMtivoly  «  ■ingle  anode  gun.  The  oethode  radiua  wu  4.73  om,  the  oumnt  dioaity  S.S  AJm*,  and  the  oompreealon  ratio, 
32:1.  Simulation  of  the  gun  wee  done  uaing  BOUN  by  HemunnaMdt.  With  a  final  beam  a  of  1.4,  the  me  apreed  in 
parpendloultr  valooltlaa  waa  4  B ,  Inoludiug  oontributlona  from  aurfiwe  rougbneaa.  Thla  eppeara  aetiafltotory ,  given  the  fbet  that 
the  almulation  oode  with  a  velocity  apraad  of  IX  ahowed  a  daoreaae  of  only  3%  in  the  efliolenoy. 

Mode  CoBvertar 

A  queai«optloal  mode  converter  hea  bean 
deaigned  to  convert  the  TEii,ii 
waveguide  mode  to  •  Gauaaian  mode  in 
[T1  ^  converter  conaiata  of  a 

J  rippled  wail  wavaguida  aaotion  followed 

^  I  ' — • — —  I  ^  by  a  atep^t  launching  aperture  end 

aeverel  foouaeing  refleotora.  The  rippled 

.  wall  waveguide,  which  la  deaigned  uaing 

^  - - 1  _ _ — '"miar  coupled  mode  theory,  bunchea  the 

'TBii.i*  ndiedoo  into  Oeueaian  bundlee. 
Beuuae  a  Oeuaeiaa  beam  ia  launched 
—  3  from  the  atepocut  aperture,  the  reflecton 

_  ^  are  daaign^  uai^  Oeuaaian  optica. 

Lq — I  1^  J  -ghama-  Diffraction  theory  ahowa  that  the 

lb  converalon  efflciiacy  la  greeter  than 

Figure  3.  Meehanical  drawing  of  tha  alactron  gun.  SOU. 
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Litton  Syitanu,  Electron  Devices  Division 
San  Carlos,  Califomis  94070 

ABSTRACT 

The  harmonic  gyroklystron'  (HOK)  is  capable  of  generating  kilowatts  of  average  power  at  millimeter  wavelengths.  Operating 
the  device  at  a  harmonic  (n  >  1)  of  the  cyclotron  frequency  reduces  the  required  magnetic  fleld  to  levels  attainable  by  normal 
solenoids.  Size  and  weight  of  the  device  are  reduced  with  a  normal  solenoid.  An  advanced  canterpost  (ACP)  gun  is  used 
to  generate  the  hollow  axis-encircling  beam.  Computer  simuladons  predict  very  low  velocity  and  guiding  center  spreads  in 
tha  beam.  A  95  QHz  fourth  harmonic  HOK  design  simulation  predicts  30  overall  efRcienoy  and  >2kW  average  power. 
The  electron  gun  will  be  tested  In  a  beamstlck  in  which  the  rf  circuit  ii  replaced  by  segmented  capacitive  probes. 

1.  Background 

The  HOK,  shown  in  Fig.  1.  consists  of  an  electron  gun  and  magnetic  focusing  system,  several  coaxial  magnetron  cavities  and 
a  depressed  collector.  A  magnetic  field  reversal  or  cusp  causes  the  annular  electron  beam  to  orbit  its  axis  at  the  cyclotron 
frequency,  u,M(sBa)/(ynvJ<  The  operating  frequency  of  the  HOK  la  a  harmonic  of  the  cyclotron  frequency,  (Cgan  cc,.  The 
rotating  beam  enters  the  input  coaxial  magnetron  cavity,  A  typical  cavity  is  shown  in  Fig.  2.  The  outer  coaxial  cavity  is 
coupled  to  the  vaned  inner  cavity  by  a  set  of  m  slots  which  run  parallel  to  the  beam  axis.  The  coaxial  cavity  operates  in  the 
TEqi  coaxial  mode  and  the  inner  cavity,  with  2n  vanes,  operates  in  the  n  mode.  The  azimuthal  electric  field  in  the  input  cavity 
modulates  the  beam  and  produces  n  rodlike  bunches  which  travel  down  the  beam  tunnel.  The  drift  regions  between  cavities 
are  cut  off  to  the  ftindamental  TBh  mode,  intermediate  oavitiea  fttrther  modulate  the  bunches  and  the  output  cavity  transfers 
the  azimuthal  beam  energy  to  the  RF  field.  RF  signals  are  coupled  to  the  cavltim  using  recUutgular  waveguide  Joined  to  the 
outer  diameter  of  the  coaxial  cavity.  The  depressed  colleotor  recovers  a  significant  fraction  of  the  spent  beam  energy. 

2.  Electron  Gun  and  Magnetic  Circuit 

The  electron  gun  cross  section  is  shown  in  Figure  1.  The  gun  is  enclosed  in  an  iron  shell  so  that  the  conical  section  cathode 
is  in  a  magnetic  field  free  region.  All  the  flux  enclosed  by  the  cathode  is  carried  by  the  iron  centerpost.  Given  the  desired 
angular  velocity  o>],  velocity  ratio  a  and  beam  radius  r^,  Busch's  theorem  is  used  to  calculate  the  required  magnetic  flux  cp, 
enclosed  by  the  cathode. 


Given  a,  rj  and  cc,  the  required  beam  voltage  can  be  determined  from 


Y«/|wa 


where  e  and  w,  are  the  electronic  charge  and  mass,  y  is  the  relativistic  factor,  subscript  1  refers  to  the  cathode  and  subscript 
2  to  some  arbitrary  plane  downstream  of  the  magnetic  fleld  reversal. 


3.  Conxial  Magnetron  Cavities 


Using  coaxial  magnetron  cavities  for  the  interaction  greatly  simplifies  the  mode  competition  and  RF  coupling  problems  usually 
associated  with  gyroampllflers.  The  coaxial  magnetron  was  developed  by  Feinstein*  to  reduce  mode  competition  in 
msgnetrons.  Thus  the  solutions  found  for  magnetrons  can  be  directly  applied  to  the  HOK  cavities.  The  RF  power  is  coupled 
in  and  out  of  the  cavities  through  an  iris  in  the  outer  cylinder  of  the  coaxial  cavity  into  the  TBk,  mode  In  a  rectangular 
waveguide.  This  separates  the  RF  output  from  the  spent  electron  beam  and  enables  the  use  of  a  depressed  collector. 
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4.  Modelinii  HGK  Peiformance 

Both  B  small  signal  code  and  a  large  signal  code  have  been  developed  for  simulating  the  performance  of  the  HOK.  The  small 
signal  code  is  based  on  Symons'  eijuivalent  circuit  model’  of  the  gyroklystron,  A  beam  coupling  factor  and  a  transconductance 
are  calculated  from  Zhurakhovskii  and  Rapoport's  equations  of  motion.  These  are  used  to  calculate  the  small  signal  gain  and 
start  oscillation  current  for  the  HGK.  The  large  signal  code  is  a  minified  version  of  Ganguly's  3-D  nonlinear  code'  for  the 
gyropeniotron.  The  code  was  modified  to  solve  for  a  multicavity  HOK  with  variable  length  cavities  and  drift  tubes.  The  large 
signal  code  predicts  electronic  efficiencies  of  35 and  2091  for  third  and  fourth  harmonic  operation.  Overall  efficiencies  of 
SI  9(  and  3691  are  predicted  using  a  single  stage  depressed  collector. 

5.  Experimental  Device 

Currently  a  beamstick  is  being  assembled  for  the  95  GHz  HOK.  The  beamstick  will  be  used  to  verify  the  performance  of 
the  hollow  beam  for  both  third  and  fourth  harmonic  operation.  Operating  the  solenoid  at  1 1  kO  will  disslpaie  about  7  kW 
versus  3.5  kW  for  the  8.5  kO  needed  for  the  fourth  harmonic.  This  makes  fourth  harmonic  operation  attractive  despite  the 
penalty  in  electronic  efficiency.  Two  capacitive  probes  will  be  used  in  the  beamstick  to  measure  u  at  either  end  of  the  beam 
tunnel.  Each  probe  is  split  into  four  quadrants  to  determine  beam  position  in  the  beamstick.  After  the  beam  performance 
is  measured  the  beamstick  will  be  retrofitted  with  a  tunable  95  GHz  oscillator  cavity.  This  will  be  Used  to  determine  start 
oscillation  currents,  bandwidth  and  electronic  efficiency  tor  the  interaction. 
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Figure  1  Four  cuvity  huntionic  gyroklystron 


Figure  2  Cross  section  of  couxiul  mugnetron  cuvity 
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Design  of  a  100  MW,  17  GHz  Second  Harmonic  Gyroklystron  Experiment 
P.E.  Latham,  W.  Lawson,  J.  Calame,  V.  Specht, 

M.K.E.  Lee,  Q.  Qian,  M.  Rimlinger,  and  B.  Hogan 
Laboratory  for  Plasma  Research 
University  of  Maryland,  College  Park,  MD  20742 

In  an  effort  to  expand  the  frontiers  of  high>energy  physics,  electron-positron  colliders  with 
center'Of-mass  energies  approaching  1  TeV  (and  beyond)  are  being  planned.^  These  machines  will 
require  efficient,  reliable,  pulsed  microwave  amplifiers  with  peak  power  levels  exceeding  the  state- 
of-the-art.  The  current  linear  collider  standard  is  the  100  GeV  Stanford  Linear  Collider,^  for  which 
a  1  Its,  150  MW,  S-Band  klystron  was  developed.''*  It  is  anticipated  that  comparable  power  levels 
will  be  required  in  10-20  GHz  devices.  Because  klystron  peak  power  scales  (optimistically)  with 
the  output  wavelength  squared,  considerable  enhancement  is  required. 

At  the  University  of  Maryland,  we  have  been  pursuing  amplifiers  based  on  the  cyclotron  res¬ 
onance  instability.^  Because  the  cyclotron  frequency  associated  with  the  external  magnetic  field 
acs  as  a  mode  selector,  overmoded  structures  can  be  used,  and  gyroklystrons  scale  much  more 
favorably  with  frequency  than  klystrons:  the  peak  power  is  proportional  to  the  wavelength  rather 
than  its  square.  Here  we  present  the  design  of  a  100  MW,  17  GHz  second  harmonic  gyroklystron 
operating  in  a  coaxial  configuration.  We  first  describe  the  electron  gun,  then  give  the  circuit  design 
along  with  its  nonlinear  efficiency. 

A  single-anode  magnetron  injection  gun  (MIG)  was  determined  to  be  feasible  and  was  selected 
because  of  its  simpler  configuration  and  wider  current  range”  (compared  to  a  double-anode  MIG). 
The  key  gun  parameters  are  summarized  in  Table  1.  The  magnetic  compression  is  fairly  low  and  the 
cathode  loading  is  modest,  The  total  current  and  cathode  radius,  however,  are  well  above  state- 
of-the-art.  Table  2  indicates  the  nominal  beam  parameters  at  the  end  of  the  simulated  region, 
which  corresponds  to  the  center  of  the  input  cavity.  The  axial  velocity  spread,  which  is  given  for 
a  current  of  600  A,  is  from  ballistic  considerations  only;  spread  contributions  from  thermal  and 
surface  roughness  considerations  should  be  much  smaller.  The  nominal  current  is  less  than  28'^  of 
the  space-charge  limit.  The  electric  field  on  the  anode  is  quite  small  and  the  peak  cathode  field 
has  a  reasonable  safety  margin,  The  average  field  on  the  emitter  strip  is  near  52  kV/cm  and  varies 
less  than  8%  along  the  strip  length. 

Using  the  simulated  gun  results  given  in  Table  2,  we  designed  a  two-cavity  gyroklystron  circuit 
operating  at  the  second  harmonic.  Because  we  were  after  the  highest  possible  power,  we  designed 
for  800  A;  at  that  value  of  the  current  the  axial  velocity  spread  is  10%.  The  parameters  of  the 
circuit  which  yielded  the  highest  efficiency  is  shown  in  Table  3.  Note  that  the  output  cavity  is 
made  up  of  two  sections;  the  lengths  and  radii  of  these  sections  are  chosen  so  that  the  backward 
propagating  TEoi  mode,  which  is  not  cutoff  in  the  drift  section,  vanishes  due  to  destructive  inter¬ 
ference,  However,  the  TEoi  mode  does  not  vanish  in  the  forward  direction,  so  the  output  mode  is 
a  mix  of  TEoi  and  TEoi,  with  about  80%  of  the  power  in  the  TEoi  mode.  The  overall  efliciency  of 
this  design  was  25%,  which  yields  an  output  power  of  100  MW.  The  main  reason  for  the  relatively 
low  efficiency  is  that  the  third  harmonic  also  interacted  with  the  beam,  and  since  the  operating 
frequency  is  below  the  third  harmonic  frequency,  this  interaction  tends  to  accelerate  ratlier  than 
decelerate  electrons.  Future  work  will  concentrate  on  eliminating  this  effect,  either  by  increasing 
the  length  of  the  interaction  or  operating  in  the  gyrotwistron  configuration. 
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Table  1:  The  electrode  specifications. 


Cathode  radius  (cm) 

9.58 

Emitter  strip  length  (cm) 

1.67 

Cathode-anode  gap  (cm) 

12.64 

Cathode  half-angle 

36*  -  44* 

Magnetic  compression  ratio 

9.9 

Cathode  loading  (A/cm^) 

5.95 

Table  2;  The  simulated  MIQ  performance. 


Axial  velocity  sprea(i  (%)  6.70 

Guiding  center  radius  (cm)  3.07 

Guiding  center  spread  (cm)  0.27 

Space*charge  limiting  current  (A)  2,190 
Electric  fields  (kV/cm) 
peak  cathode  91.0 

peak  anode  29.3 

emitter  strip  (aug)  51.6 

emitter  strip  (variation)  3.9 
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2.  N.  Phinney,  “The  Stanford  Linear  Collider,"  presented  at  the  1992  Linear  Accelerator  Confer* 
ence,  Ottawa,  August,  1992. 

3.  T.G.  Lee,  G.T.  Konrad,  Y.  Okazaki,  M.  Watanabe,  and  H.  Yonezawa,  IEEE  Trans,  Plnsma  Sci. 
PS-13,  545  (1985). 

4.  R.S.  Symons  and  H.R.  Jory,  Advances  in  Electronics  and  Electron  Physics,  vol.  55  (New  York; 
Academic  Press,  1981),  pp.  1.75. 

5.  W.  Lawson  and  V.  Specht,  IEEE  Trans.  Electron.  Dev.  (in  press). 


Table  3:  Circuit  Design.  All  lengths  In  cm. 


Input  cavity;  Qmi350 

inner/outer  radius/length  2.000/4.206/2.000 

Drift  section 

inner/outer  radius  2.350/3.850 

Output  cavity;  Qn730 

first  section  Inner/outer  radius/length  2.234/3.920/0.978 

second  section  inner/outer  radius/length  1.914/4.205/0.922 

lip  Inner/outer  radius/length  2.358/3.798/0.422 

output  section  inner/outer  radius  2.356/4.415 
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High  power  operation  of  a  K-band  second  harmonic  gyroklystron 
W.  Lawson,  H.  W.  Matthews,  M.  K.  E.  Lee,  B.  Hogan,  J,  P,  Calame,  and  J.  Cheng 

Electrical  Engineering  Department  and  Laboratory  For  Plasma  Research 
University  of  Maryland,  College  Park,  MD  20742  USA 

At  the  University  of  Maryland,  we  have  been  performing  a  sequence  of  experiments  to  determine  the 
suitability  of  gyroklystrons  for  linear  collider  applications.  InitisJ  experiments  with  six  different  two> 
cavity^  and  fbur  three-cavity^  fundamental  mode  gyroklystrons  have  produced  about  27  MW  of  power  in 
1  lii  pulses  at  9.87  OHz  with  32Vo  efficiency  and  gains  near  40  dB.  A  program  to  modify  the  final  two- 
cavity  circuit  for  amplification  studies  at  the  second  harmonic  is  well  underway.^  In  this  paper  we 
summarize  test  results  of  the  first  four  configurations. 

The  second  harmonic  tubes  are  derived  ffom  the  fundamental  devices  by  making  a  few  changes  to 
the  test  bed  and  microwave  circuit.  The  main  test  bed  changes  include  replacing  the  non-linear  waveguide 
tapers  and  reworking  the  microwave  diagnostics.  The  primary  circuit  modification  is  to  replace  the 
TEqii,  9.87  OHz  output  cavity  with  one  that  resonates  in  the  TE021  mode  at  19.7  OHz.  The  drift  tube 
is  also  modified  as  described  below.  A  schematic  of  the  third  harmonic  circuit  is  shown  in  Fig.  1.  The 
circuit  is  realized  by  stacking  a  series  of  metal  and  ceramic  washers  inside  a  vacuum  housing.  The  main 
input  cavity  section  has  a  length  of  1.73  cm  and  a  radius  of  2.81  cm,  The  measured  resonant  frequency 
and  quality  fkctor  are  9.844  ±  0,01  OHz  and  380  ±  40,  respectively.  A  thin  carbon-impregnated 

Aluminum-Silicate  (CIAS)  ring  located 
against  the  downstream  end  wall  is  used  to 
load  the  cavity.  The  output  cavity  is 
machined  ffom  OFHC  copper  on  a  CNC 
lathe.  The  measured  cold  cavity  resonant 
frequency  and  Q  are  19.712  ±  0.02  OHz  and 
346  ±  25,  respectively.  The  main  cavity 
section  has  a  length  of  0.605  cm  and  a  radius 
of  1.73  cm.  The  radius  is  selected  to  avoid 
fundamental  amplification  in  the  TEqi  mode. 
Adiabatic  wall  transitions  are  used  to 
minimize  mode  conversion  to  the  TEqi  at 
the  second  harmonic.  The  length  is  chosen  to 
minimize  the  microwave  signal  flowing  upstream  toward  the  electron  gun.  The  overall  length  of  the 
cavity,  including  the  integral  output  taper,  is  9.42  cm.  Theory  predicts  the  mode  to  be  99.4  %  pure  and 
the  power  flowing  upstream  to  be  more  than  38  dB  down  ffom  the  output  power.  A  small-signal  code 
predicts  that  the  output  cavity  is  stable  at  the  desired  operating  point. 

The  preliminary  drift  tube  is  made  mostly  ftom  CIAS  rings.  The  main  drift  tube  (between  cavities) 
consists  of  nine  tapered  non-porous  ceramic  rings  (80%  BeO  -  20%  SiC)  surrounding  a  band-stop  filter 
which  is  designed  to  prevent  any  19.75  OHz,  TEqi  mode  signal  ffom  propagating  to  the  input  cavity  and 
electron  gun.  The  maximum  rejection  is  over  45  dB  at  19.72  OHz  and  remains  above  20  dB  for  more 
than  275  MHz.  Attenuation  in  the  TEn  mode  (which  is  the  most  troublesome  in  fundamental  mode 
tubes)  is  greater  than  15  dB  firom  6.0  OHz  to  1 1.5  OHz.  The  total  drift  tube  length  is  12.28  cm  and  the 
minimum  radius  is  1.5  cm. 


QStalnUuStMl 
a  OFHC  Coppar 


■  Alumiiio>81llcat» 
a  B«0.81C 


Pig.  1.  The  two-cavity  second  tiarmonic  circuit  (H3}. 
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The  output  cavity  of  the  first  tube  was  longer  and  closer  to  cutoff  than  the  one  shown  in  Fig.  1.  It 
also  had  a  larger  Q  (~6S0)  and  the  adjacent  output  waveguide  radius  was  considerably  smaller.  This  tube 
was  plagued  by  fundamental  mode  oscillations  that  prevented  amplification.  The  second  tube's  output 
cavity  was  intermediate  both  in  dimensions  and  Q  to  the  first  and  third  tubes.  This  circuit  produced  a 
peak  power  near  12  MW  with  an  efficiency  near  15%.  The  third  tube  produced  powers  above  21  MW 
near  19.76  GHz  with  an  efficiency  of  about  21%.  Performance  was  limited  by  low  frequency  oscillations 
that  were  postulated  to  be  derived  in  part  from  the  drift  tube's  resonant  trap.  The  replacement  of  this  trap 
with  the  standard  BeO-SiC  rings  resulted  in  the  only  difference  between  the  third  and  fourth  tubes. 

The  maximum  power  point  in  tube  H4  is  found  when  the  beam  voltage  and  current  are  45 1  kV  and 
240  A,  respectively.  The  drive  signal  is  optimal  at  a  frequency  of  9.881  GHz  and  a  power  level  near  60 

kW.  The  optimum  magnetic  field  is  about  5.25 
kO  at  the  input  cavity  center  and  about  3% 


Time  («) 


higher  at  the  output  cavity  center.  The  peak 
power  point  is  characterized  by  a  strong 
interaction  in  the  input  cavity  which  is  quite 
sensitive  to  the  magnetic  field.  The  time 
dependence  of  the  output  power,  unfolded 
from  the  detector  diode,  is  shown  for  this  point 
in  Fig.  2.  The  corresponding  voltage  pulse  is 
also  indicated.  The  peak  power  of  nearly  30 
MW  corresponds  to  an  efficiency  near  27% 
and  a  gain  over  26  dB.  The  narrow  pulse  width 
is  due  primarily  to  the  time  variation  in  a  that 
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resistive  divider. 


The  far  field  mode  pattern  when  the 
antenna  is  oriented  to  pick  up  the  azimuthal 
electric  field  is  indicated  in  Fig.  3.  A  least 
squares  data  fit  indicates  a  signal  which  is  0.7 
%  TEqi  and  99.3  %  TEo2.  This  is  close  to  the 
cold  cavity  estimate  discussed  earlier.  As  to  be 
expected  with  circular  electric  modes,  a  sweep 
of  the  fkr  field  pattern  when  the  antenna  is 
rotated  by  90°  picks  up  virtually  no  power. 
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WIDEBAND  OYRO-TWT  AMPLIFIER  EXPERIMENTS 

J.  J,  Choi"',  C.  S.  Parki,  S.  Y.  Parkt,  C.  M,  Aimstrong,  A,  K,  Ganguly, 

R.  H.  Kyaerfi,  and  M.  L  Barsanti 
Naval  Research  Laboratory,  Code  6840,  Washington,  D.C.  2037S 

INTRODUCTION 

Research  on  broadband,  multl>kllowatt  millimeter  wave  gyro>TWT  ampUflers  operating  at  low  beam  power  (<  300 
kW)  Is  attmcUve  for  applications  such  as  electronic  warfare,  radar,  and  communications.  In  order  to  achieve  wldeb^d  rf 
ampuncatlon  Ingynxlevioes,  the  waveguide  is  either  tapered  along  the  axial  distanoe  or  loaded  with  dlska  or  dielectric.  Two 
Ka>band  gyrO'l^^T  amplifiers  are  considered;  (1)  a  m^red  rectangular  waveguide  and  (2)  a  dielectric  loaded  rectangular 
waveguide.  A  frequency  muitiplied  hannonic  interaction  in  tapered  waveguide  is  also  investigated  for  W>band  rf 
amplification. 


TWO>STAGE  TAPERED  GYRO.TWT  AMPLIFIER 
Previous  experiments  on  the  single-stage  Ka-band  tapered  gyro-TWT  at  NRL^  have  demonstrated  high  power  (~5 
kW),  millimeter  wave  amplification  with  an  instantaneous  bandwidth  >  30%.  It  was  found  that  gain  in  the  single  stage 
ampliner  was  limited  by  reflection-type  oscillations  caused  by  the  rf  mismatch  in  the  vacuum  window.  Separation  of  the 
input  section  from  the  output  section  will  stabilize  such  oscillations. 

A  two-stage  Ka-band  gyro-TWT  has  been  assembled  and  experiments  are  currently  underway.  Preliminary 
experimental  results  show  that  there  is  some  beam  interception  in  the  multihole  directional  coupler  due  to  insufficient 
magnetic  compression  of  the  small  orbit  beam  <33  kV,  1  A)  produced  by  the  MIO.  An  Improved  input  coupler  is  designed 
for  better  beam  clearance  and  wider  coupling  bandwidth.  A  3-D  electromagnetic  code  (HFSS)^  predicts  a  coupling  value  of 
•0.4  dB  and  a  bandwidth  of  60  %  (22  GHz  -  40  GHz). 

Numerical  results  obtained  from  a  slow-time  scale  non-linear  code^  predict  a  two-stage  gain  of  ~  30  dB,  an  electronic 
efficiency  of  20  •  30  %,  and  an  instantaneous  bandwidth  of  10  - 15  %  for  Avx/Vz  ■  2  %.  In  contrast  to  the  single-stage  gyro- 
TWT,  the  bandwidth  is  expected  to  be  very  sensitive  to  axial  velocity  spread, 

RIDGED  SLOW  WAVE  CYCLOTRON  AMPLIFIER 
A  dielectric  loaded  rectangular  waveguide  can  provide  a  constant  group  velocity  over  a  wide  frequency  range.  Figure 
1  shews  a  cross-section  view  of  the  ridged  circuit  loaded  with  two  dielectric  slabs.  A  high  quality  axis-encircling  beam^  (60 
kV,  S  A,  a  ■  1)  couples  with  the  slow  wave.  The  dielectric  height  is  less  than  that  in  the  beam  tunnel  to  insure  that  the 
fundamental  beim  line  does  not  intersect  any  undesired  higher  order  hybrid  modes  in  the  operating  frequency  range.  The  ridged 
circuit  has  some  advantages  over  a  regular  recuuigular  shape.  First,  the  dleleculc  slabs  can  be  protected  from  beam 
interception.  Secondly,  the  peak  electric  field  is  shifted  from  inside  the  dielectric  to  near  the  ridges  in  the  beam  tunnel.  Thus 
the  interaction  coupling  is  expected  to  be  Improved. 

Large  signal  calculations  of  the  two-stage  ridged  SWCA  predict  a  saturated  efficiency  of »  17  %,  a  gain  of  -  28  dB, 
and  an  Instantaneous  bandwidth  of  ~  20  %  (29  -  36  GHz)  for  input  power  ■  150  W,  B  ■  7  kG,  and  Avz/v^  ■  2  %.  The  results 

from  the  slow  time-scale  non-linear  code  agree  with  MAGIC^  simulations  for  a  cold  beam. 

A  broadband  rf  window  has  been  designed  by  the  use  of  the  HFSS  code.  It  consists  of  three  sections  of  1/4 
wavelength  BeO.  As  shown  in  Figure  2,  the  return  loss  is  better  than  -  15  dB  in  the  frequency  range  of  23.5  •  37.2  GHz 
(bandwidth -46%). 

FREQUENCY  MULTIPLIED  HARMONIC  GYRO-TWT  AMPLIFIER 
The  operation  of  a  "frequency  multiplier '  broadband  harmonic  gyro-TWT  amplifier  configuration  Is  also  under 
Investigation.  Figure  3  depicts  the  schematic  of  the  amplifier,  and  the  axial  profiles  of  the  non-linear  tapered  magnetic  field  (9 
- 13  kO)  and  the  circuit  cutoff  frequency.  A  Ka-band  fi^uency  drive  signal  is  injected  in  the  tapered  fundamental  input  section 
to  modulate  the  axis-encircling  beam  (50  kV,  2  A),  as  in  the  two-stage  tapered  gyro-TWT.  However,  In  the  tapered  output 
section,  the  waveguide  width  is  designed  so  that  the  waveguide  mode  is  In  phase  synchronism  with  the  third  harmonic  beam 
cyclouon  mode.  As  a  result,  amplified  radiation  in  the  tapered  output  section  is  extracted  at  frequencies  Increased  by  the 
harmonic  number.  The  operating  waveguide  mode  is  the  lowest  order  mode,  TEiq,  in  both  the  input  and  output  sections  of 
the  amplifier. 


•SAIC,  McLean,  VA  22102 
^Omega-P,  Inc,,  New  Haven,  CT  06520 
9b-K  Systems,  Inc.,  Rockville,  MD  20850 
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A  Klf'Consistent  slow-tlme  scale  non'linear  code  has  been  used  to  simulate  the  amplifier  perfoimance.  The 
calculated  efficiency  and  output  power  are  shown  in  Figure  4  as  a  function  of  frequency  for  various  axial  velocity  spreads  of 
the  electron  beam.  The  efficiency  drops  slowly  as  the  b^  velocity  spread  increases  but  the  Instantaneous  bandwidth  shrinks 
more  rapidly.  Simulations  also  show  that  the  amplifier  operation  is  insensitive  ic  the  guiding  center  spread.  At  Avz/vz  ■  2 
%.  the  saturated  efficiency  and  gain  are  ~  12  %  and  -  30  dB.  The  bandwidth  is  predicted  to  be  >  10  %  with  output  frequency 
in  tlie  range  of  90  -  100  GHz.  A  drive  signal  of  ~  10  W  in  the  30  •  33  GHz  frequency  range  is  sufficient  to  saturate  the 
output  power  in  the  frequency  range  of  90  •  100  GHz. 

CONCLUSION 

Experiments  on  the  Ka-band  two-stage  tapered  gyro-TWT  amplifier  are  underway  with  the  improved  input  directional 
coupler.  The  ridged  SWCA  has  been  designed  to  conduct  Ka-band  experiments  operating  at  a  low  magnetic  field.  The 
frequency  multiplied  harmonic  gyro-TWT  has  been  Investigated  to  produce  W-band  radiation  with  >  10  %  Instantaneous 
bandwidth.  Both  the  SWCA  and  the  harmonic  gyro-TWT  require  an  axis-encircling  beam  with  low  velocity  spread. 
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Figure  3.  Schematic  of  the  broadband  frequency  multiplied 


Figure  1 .  Cross  section  view  of  the  ridged  slow  wave  harmonic  gyro-ampllfler  with  magnetic  field  and  cutoff 

circuit.  frequency  axial  profiles. 


Figure  4.  Efficiency  and  output  power  versus  output 


Figure  2,  Rehim  loss  of  the  BeO  window.  frequency  for  various  velocity  spreads. 
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Gyro-TWT  AmplJfleri  at  UCLA 
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J.  Pretterebnor  ,  A,  T,  Lin^  ),  D,  B.  McDarmott,  P.  Hartemann,  and  N,  C,  Luhmann,  Jr, 

Departmant  of  Electrical  Engineering,  University  of  California,  Los  Angeles,  Ca  90024 


Abstract 

The  status  of  three  unique  gyro.TWT  ampliflers  under 
development  at  UCLA  will  be  presented.  They  Include 
1)  a  slotted  third-harmonic  gyro-TWT,  2)  a  wideband 
dielectric-  loaded  gyro-TWT,  and  3)  an  extremely  high 
power  second-harmonic  gyro-TWT. 

(1)  Slotted  Third- Harmonic  Gyro-TWT 

Variun*s95  GHi,  70  kV,  5  A,  o  w  1,3,  three-section  six- 
vane  jT-mode  third-harmonic  gyro-TWT  [1],  which  is  pre¬ 
dicted  by  a  nonlinear  self-consistent  simulation  code  [2] 
to  yield  a  peak  output  power  of  90  kW  with  26%  effi¬ 
ciency,  a  saturated  gain  of  61  dB  and  3%  constant-drive 
bandwidth,  will  be  tested  in  a  scaled  experiment  at  10.3 
QHe  using  the  axis-encircling  electron  beams  produced 
by  a  gyroresonant  rf  accelerator  [3].  The  entire  slotted 
circuit,  including  the  0  dB  axial  phase-velocity  couplers, 
has  been  fabricated  by  electric  discharge  wire  machin¬ 
ing.  The  new  rf  accelerator  has  produced  3  A,  70  kV 
axis-encircling  beams  and  will  soon  yield  6  A  beams. 
A  broadband  two-period  beat-wave  TEn/TEn  output 
mode  converter  shown  in  Pig.  1  was  measured.  As  shown 
in  Pig.  3,  its  center-frequency  is  shifted  by  strong  cou¬ 
pling  effects.  Until  an  Improved  converter  has  been  built, 
the  ampllfler  will  use  an  input  coupler  for  its  output. 

(2)  Dieleotrio-Loaded  Wideband  Gyro-TWT 

The  bandwidth  of  a  gyro-TWT  can  be  widened  by  us¬ 
ing  a  dielectric-loaded  waveguide  to  reduce  the  circuit's 
dispersion  (4].  A  100  kV,  6  A  wideband  gyro-TWT  (6), 
which  is  predicted  from  a  nonlinear  simulation  code  to 
generate  an  output  power  of  80  kW  with  16%  efficiency,  a 
saturated  gain  of  30  dB,  and  a  constant-drive  bandwidth 
of  20%,  has  been  designed  for  10  GHz  and  has  undergone 
its  initial  hot-tests.  The  single-anode  MIG  was  built  at 
NTHU  to  generate  the  a  ts  0.6  beam  with  a  2%. 
The  rectangular  interaction  waveguide  has  been  loaded 
with  thin  MaCor  slabs  along  both  narrow  walls  (6).  The 
E-plane-bend  0  dB  input  and  output  couplers  shown  in 
Fig.  3  were  measured  and  yielded  excellent  agreement 
with  HFSS  as  seen  in  Fig.  4.  The  insertion  loss  is  less 
than  0.1  dB  over  the  entire  20%  bandwidth. 

With  unoptimised  alignment,  the  amplifier’s  prelimi¬ 
nary  results  are  20  kW  peak  power,  26  dB  saturated  gain 
and  5%  constant-drive  bandwidth.  Although  the  single- 
section  amplifier  is  absolutely  stable,  oscillation  near  the 
cutoff  frequency  could  be  induced  by  increasing  the  mag¬ 
netic  Reid  by  16%. 


(3)  High-Power  Second-Harmonic  Gyro-TWT 

Harmonic  gyro-TWT’s  not  only  require  a  substantially 
weaker  magnetic  field  and  offer  nearly  the  same  high  ef¬ 
ficiency  as  fundamental  gyro-TWT’s,  but  also  have  the 
potential  to  stably  generate  significantly  higher  levels  of 
power  [7]  because  the  threshold  beam  current  level  for  os¬ 
cillation  is  raised  significantly  due  to  the  relatively  weaker 
harmonic  interaction.  A  high  power,  single-etage  second- 
harmonic  linearly-polarised  TEn  gyro-TWT,  which  ie 
predicted  by  a  self-consistent  nonlinear  eimulation  code 
to  produce  an  output  power  of  400  kW  with  an  efficiency 
of  20%,  saturated  gain  of  33  dB  and  constant-drive  band¬ 
width  of  6%,  has  been  designed  for  16.1  GHi  and  is  cur¬ 
rently  under  construction.  A  single-anode  100  kV,  20  A 
MIG  is  being  built  at  NTHU  to  generate  the  beam  with 
^  ®  8%.  The  single-stage  amplifier  it 

predicted  to  be  stable  because  the  dominant  TEu  and 
TBi\  gyro-BWO  modes  have  been  suppressed  as  a  result 
of  axially  slicing  the  cylindrical  waveguide  with  two  cuts 
separated  in  asimuth  by  90*.  The  similar  effect  from  a 
single  slice  on  the  TEn  mode  is  shown  in  Pig.  6.  A  slice 
transverse  to  the  average  rf  electric  field  yields  a  loss  of 
«  3.7  dB  /A  (Pig.  8(a)),  whereas  a  cut  parallel  to  this 
field  produces  negligible  effect  (Fig.  6(b)). 

Bach  of  these  three  gyro-TWT  amplifiers  use  a  wide- 
band  6  -  18  GHs,  1  kW  puleed  Varlan  helix  TWT  am¬ 
plifier  as  their  input  signal  source.  All  three  use  couplers 
designed  with  HP’s  HFSS  electromagnetic  code. 

The  authors  are  gratefril  to  Prof.  K.  R.  Chu  and 
Prof.  C.  S.  Kou  of  the  National  Tsing  Hua  University  for 
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ARO  under  Contract  DAAH04-93-G-0084,  APOSR  un¬ 
der  Grants  91-0382  and  P49620-92-J-0176,  Rome  Lab¬ 
oratory  (ATRI)  under  Contract  P30602-91-C-0020  and 
Varian  under  Subcontract  109BAR05943. 
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Figure  1;  Sehomatic  of  twu-pcriod  TE^xITEw  beat' 
wave  mode  converter. 


Port  1 


Figure  3;  Schematte  of  broadband  Erplane>bend  in* 
put/output  coupler  with  tuning  tcrews  and  cutoff  beam 
tunnel, 


Frequency  (GHe) 

Figure  2:  Dependence  of  converelon  efficiency  on  ftre- 
quoncy  In  TEn/TEn  converter  from  measurement  and 
linear  theory. 


r(OHx) 


Figure  4:  Dependence  of  5ti  and  Sia  on  frequency  for 
E-plane-bend  coupler  from  measurement  (symbols)  and 
HFSS  code  (solid  lines). 
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FVequency  (GHi)  Frequency  (GHi) 

Figure  6!  Dependence  of  insertion  lose  on  frequency  for  TEu  mode  in  tube  with  slice  (a)  orthogonal  and  (b)  parallel 
to  average  rf  electric  Held. 
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D«v«lopMnt  of  MdiuB  po«er»  subiilllMtor  wave  gyrotrone 
T.Idehara,  T.Tatsukawa,  I.Ogava,  Y.Shiaizu,  S.Nakino  and  K. Ichikawa 

Departaent  of  Applied  Phyaica,  Faculty  of  Engineering, 

Fukui  University,  Fukui  910,  Japan 

Developaental  study  of  high  frequency*  step  tunable  gyrotrona  using 
12  T  supereonduoting  aagnet  is  described.  Single  sode  operations 
at  the  second  haraonio  resonance  have  generated  subailliaeter  wave 
outputs  up  to  638  GHz.  The  typical  power  is  several  hundred  watts. 

1  Introduction 

Nediua  power*  subailliaeter  wave  gyrotrons  have  aany  advantages  which  other 
conventional  sources  do  not  possess*  for  exaaple*  frequency  tunability  and  high 
power  output.  In  recent  years*  single  node  operation  in  gyrotrons  using  a 
high  nagnetio  field  at  the  second  haraonio  of  the  electron  cyclotron  frequency 
has  produced  subailliaeter  wave  output  approaching  600  GHz.**'**  In  our 
recent  paper***  we  showed  that  single  node  operation  at  the  third  haraonlc  can 
occur  in  our  subailliaeter  wave  gyrotron.  In  the  near  future*  we  expect  that 
such  a  gyrotron  will  cover  the  whole  aubailllnetar  wave  range  by  using  high 
harnonios  and  higher  sagnetlc  fields.  In  this  paper*  the  aohieveaent  of  636 
GHz  (corresponding  to  a  wavelength  of  472  mb)  by  operating  at  the  second 
haraonio*  at  the  high  nagnetio  field  of  12T*  is  described. 

2  Bzperlaental  setup 

Pig.l  shows  a  aoheaatio  drawing  of  the  whole  gyrotron  device.  The  aagnet 
produces  a  high  nagnetio  field  up  to  12T.  The  superconducting  aagnet  consists 
of  two  coils*  an  inner  coll  nade  of  NbiSn  wire*  and  an  outer  coil  of  NbTi  wire. 
The  gyrotron  is  denountable  and  is  essentially  a  vaouua  ohaaber  set  in  the  rooa 
teaperature  bore  of  the  cryostat.  The  diaaeter  of  the  bora  is  70  an  and  the 
inner  diaaeter  of  the  vaouua  chaaber  is  38  aa.  Inside  the  ohaaber  there  are 
three  parts;  a  guiding  tube  for  the  electron  bean*  a  cylindrical  resonant  cavity 
and  a  collector  for  the  electron  bean  which  also  acts  as  the  output  waveguids. 
The  diaaeter  and  the  length  of  the  cavity  are  3.8  as  and  10  an*  respectively. 

At  the  bottoB  of  the  vacuua  chaaber  there  is  a  aagnetron  injection  gun*  and 
at  the  top  there  is  a  ceraalc  vaouua  window.  A  vaouua  valve  installed  between 
the  gun  and  the  guiding  tube  allows  the  resonant  cavity  and  other  pieces  to  be 
changed  while  keeping  a  high  vacuua  in  the  electron  gun.  Conventional  aagnet 
coils  or  gun  colls  around  the  electron  gun  allow  the  field  intensity  in  the 
region  of  the  gun  to  be  varied  Independently  of  that  in  the  region  of  the  cavity. 

3  Results 

The  frequency  can  be  varied  froa  160  GHz  to  630  GHz*  by  changing  the 
intensity  of  the  aagnetic  field.  The  behaviour  of  the  gyrotron  tube  has  bean 
tested  for  each  cavity  node  by  setting  the  field  intensity  at  the  optlaua  value, 
Havel engths  are  neasured  by  transalttlng  the  output  power  through  a  waveguide 
systea  with  three  corner  bends  to  a  Pabry-Perot  Intsrferoaeter.  Output  powers 
are  aeasured  by  setting  a  water  load  on  the  top  of  the  window  and  observing  the 
rate  at  which  the  water  teaperature  rises.  Our  gyrotron  is  pulsed  so  the 
duty  factor*  whose  typical  value  is  5*10'**  aust  be  taken  into  account  to 
calculate  the  power  in  each  pulse. 

Pig. 2  shows  a  nuaber  of  typical  frequency  aeasureaents  using  the  Pabry-Perot 
interferoaeter.  Vhen  the  field  intensity  is  changed  aany  Instances  of  single 
node  operation  are  obserbed.  The  figure  corresponds  to  operation  at  the  second 
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harRonic.  The  aeaaured  frequencies  are  Indicated  on  the  figure. 

In  only  one  case*  vhen  the  field  Intensity  la  Just  below  12T,  is  there 
operation  at  both  the  fundaaental  and  the  second  haraonic.  The  TE711  cavity 

node  (fundaaental)  and  the  TEoai  cavity  aode  (second  haraonic)  are  excited  at 
the  saae  tiae.  The  frequency  corresponding  to  this  second  haraonic  is  636  GHz, 
which  is  the  aaxiaua  frequency  attained  by  our  gyrotron  and,  we  believe,  aay  be 
a  record  for  a  gyrotron.  Por  other  single  node  operations,  neasured  frequencies 
are  noted  near  the  corresponding  interferoneter  patterns. 

In  Pig. 3,  All  of  the  frequencies  observed  until  now  are  plotted  as  function 
of  a  nagnetic  field  intensity.  Operations  at  the  third  haraonic  have  been 
observed  together  with  those  at  the  fundaaental  and  the  second  harionlc. 

4  Conclusion 

In  sunaary,  we  have  a  step  tunable,  ailliaater  to  subnilliaeter  wave 
gyrotron  covering  a  vide  frequency  range,  whose  output  power  is  typically 
several  hundred  watts.  In  alnost  all  cases  the  operation  is  in  a  single  node. 
It  is  an  excellent  source  with  nany  advantages  over  conventional  sources  which 
are  all  lover  power,  fixed  frequency  devices. 
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AttTRAOT  -  Linaar  and  non-linaar  analyaia  of  tha  powar  flow  from  apatlotamporally 
medulatad  gyrating  alaetron  baama  into  tha  fialda  of  TEjnn  medaa  of  a  eyllndrical 
wavaguida  haa  baan  appliad  to  magawatt-laval  aoureaa  at  140  GHa  for  plaama  haatlng 
hand  control.  Raaulta  ara  givan  for  a  S>th  harmenlo  amooth-wall  eonvartar  drivan 
at  28  GHx,  and  for  a  13-th  harmonic  ridga-wall  eonvartar  drivan  at  10.8  GHa. 


XMTROPUaffXON  -  Linaar  and  non-linaar  theory  and  aimulationa  [1]  war a  davalopad  for 
tha  coupling  to  modaa  in  a  cylindrical  wavaguida  of  a  apatlotamporally  modulated 
helical  rotating  electron  beam  prepared  ualng  cyclotron  autoreaonanoa  acceleration 
t2] .  Under  'gracing*  eondltiona,  where  the  axial  beam  velocity  equala  the  group 
velocity  of  the  daaired  waveguide  mode,  efficient  power  tranafer  to  tha  Tlmi  mode 
can  occur,  with  only  negligible  power  flow  into  other  TB  modea,  or  into  any  TM  mode. 
Here  m,  the  mode 'a  aiimuthal  eigenvalue,  in  alao  tha  ratio  of  the  converter 'a  output 
frequency  to  the  beam 'a  temporal  rotation  frequency.  One  can  acale  prior  reaulta 
obtained  for  a  amooth-wall  TE51  mode  94  GHa  device  to  140  GHa,  to  find  the  para- 
metera  given  in  Table  I  below. 


output  frequency 
drive  frequency 
beam  voltage 
beam  current 
velocity  ratio  a 
waveguide  radiua 
waveguide  length 
magnetic  field 
output  power 


140  GHa 
28  GHa 
150  kV 
6.7  A 
2.0 

0.228  cm 
27.0  cm 
11.9  -  9.76  kO 
705  kW 


Table  1.  Parametera  for  a  conceptual  5-th  harmonic  140  GHa  converter. 

KXOH  HARMONXC  eoNVBRSXON  •  The  140  GHa  device  deacribed  above  could  bo  driven 
by  a  28  GHa,  1  MW  gyrotron  pulaed  oaclllator  [3],  or  (at  lower  power)  by  a  220  kW 
cw  gyrotron  oaeillator  [4].  It  ia  poanible  that  a  megawatt -level  28  GHa  cw  driver 
could  now  be  built.  Nonetheleaa,  the  achievement  of  megawatt  or  multimegawatt  cw 
gyrotron  oacillatorn  might  be  aaaier  at  longer  wavelength#.  Indeed,  it  haa  baan 
reported  that  a  1  MW,  8  GHa  long-pulee  device  haa  been  built  [5] .  Thla  haa  prompted 
examination  of  the  harmonic  converaion  maehaniam  at  higher  harmonica,  where  an  X-band 
driver  could  be  uaed.  Preliminary  aimulationa  for  13-th  harmonic  converaion  uaing  a 
10.77  GHa,  1  MW  driver  have  ahown  that  800  kW  output  at  140  GHa  would  be  obtained 
from  a  2  MW,  2  A  beam  in  tha  TB],3,x  mode,  but  that  competition  from  the  TBi2,l  mode 
at  129.2  GHa  would  be  aavere.  Evidently,  additional  meana  to  aupreae  competing 
modea  muat  be  developed  to  allow  aueceaaful  13-th  harmonic  operation. 


CONRATXMO  MODE  COMPBTXTXON  -  Two  atrategiea  have  been  conaldered  to  combat  mode 
competition  for  a  13-th  harmonic  converter.  The  flrat  atrategy  ia  to  operate  with  a 
beam  whoae  velocity  ratio  a  ia  auch  that,  under  gracing  eondltiona,  all  lower  TE;nj 
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mod««  ar«  cutoff.  I’hi*  occur*  11]  if  (1  -  >  (1  -  m~^)  {fm/fm-l)  >  wh*r*  fm  and 

^m-1  cutoff  fr*qu*ncl**  for  th*  TE^i  design  mod*  and  for  th*  TEjn-i  mod*.  For 
m  >  13,  this  reduces  to  Pz  <  0.1225  which,  for  a  250  kV  beam,  gives  a>  5.97.  Whether 
a  beeun  with  such  a  high  a-value  can  be  introduced  stably  into  an  output  waveguide 
is  an  open  question.  This  uncertainty  has  prompted  a  second  strategy,  baaed  on  an 
experimental  finding  [6]  that  radiation  from  an  intense  relativistic  axis-encircling 
beam  in  a  cylindrical  overmoded  waveguide  emerged  over  a  broad  band  in  many  modes; 
but  with  12  shallow  axial  slots  machined  in  th*  waveguide  periphery,  essentially  all 
of  th*  radiation  was  observed  in  a  narrow  band  in  th*  TSi2,l  mod*.  This  result  can 
be  Interpreted  as  due  to  selective  coupling  between  th*  beam  and  th*  TEi2,l'’lik*  mode 
of  the  ridged  waveguide,  sine*  competing  modes  would  have  smaller  coupling  impedences 
to  th*  beam.  A  study  of  beam  coupling  to  13-ridged  cylindrical  waveguides  has  been 
initiated.  Vacuum  modes  have  been  analyzed  from  theory  used  for  6-  and  10-  van* 
peniotrons  [7] .  It  was  found  that  th*  optimal  ratio  of  out*r-to-inn*r  van*  radius 
depends  upon  the  beam  parameters,  so  as  to  provide  th*  largest  possible  latitude  for 
optimizing  conversion  efficiency.  The  efficacy  of  this  strategy  for  obtaining  high 
conversion  efficiency  and  combating  mode  competition  is  shown  in  Fig.  la,  where  13-th 
harmonic  conversion  efficiency  is  seen  to  reach  401  at  140  OHz  (th*  parameters  are 
given  in  th*  Figure) .  Power  at  th*  12-th  harmonic,  which  was  the  most  serious  com¬ 
petitor  for  th*  smooth-wall  example,  la  too  small  to  show  on  th*  seal*  of  Fig.  la. 
Fig.  lb  shows  th*  required  guide  field  profile. 
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Fig.  lb.  Tapered  magnetic  field  that 
preserves  phase  matching  in  Fig.  la. 
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Impedance  matching  of  microstrip  line  circuits  by  optically  tunable  stubs 

Hitoshi  Shimaaaki  and  M&koto  Tsutsumi 

Kyoto  Institute  of  Technology 
M&tsugu&ki,  Sakyo-ku,  Kyoto  G06,  Japan 

ABSiaAfil.. 

This  paper  treats  a  tunable  stub  of  a  microstrip  line  which  can  change  the  input  and  output  impedances 
of  the  line  by  laser  light.  Transmission  characteristics  controlled  by  optical  means  through  the  stub  are 
demonstrated  both  theoretically  and  experimentally. 

Recently  there  has  been  increasing  interest  in  applications  of  lightwave  technology  to  control,  gener¬ 
ation  and  measurement  of  microwaves^  One  method  for  the  control  of  microwaves  makes  use  of  optical 
injection  of  electron-hole  pairs  by  Illuminating  a  semiconductor  waveguide  with  above-bandgap  radiation. 

We  have  already  reported  an  optically-controlled  microstrip  line,  in  which  one  end  of  the  strip  is  open 
terminated  and  illuminated  with  the  laser  light  thereby  changing  the  input  impedance  of  the  Ilne^.  We 
propose  here  an  optically-tunable  stub  u  an  application  of  the  open-ended  mlcrostrip  line, 

Stub  lines  are  widely  used  for  impedance  matching  of  microstrlp  line  circuits.  However  their  tuning 
after  the  fabrication  is  generally  difRcult.  Even  if  the  precise  design  of  the  fabrication  is  taken  into  account, 
it  is  necessary  to  tune  the  matching  element.  Thus  the  open-ended  mlcrostrip  line  reported  previously  is 
developed  to  a  tuning  stub  as  shown  in  Fig.l,  and  the  optical  tunability  of  this  line  is  discussed. 

Illumination  to  near  the  open  end  of  the  stub  induces  electron-hole  pairs  in  the  semiconductor  sub¬ 
strate.  The  induced  carriers  are  able  to  change  only  the  resistance  part  of  the  terminal  Impedance.  But  by 
connecting  the  stub  line  to  a  proper  position  on  the  main  line,  the  reactance  of  the  line  at  the  connecting 
point  also  can  be  changed  due  to  the  impedance  transformation  corresponding  to  the  proper  length  of 
the  stub.  Therefore  the  impedances  measured  from  the  input  and  output  ports  are  changed  and  can  be 
optically  matched  to  those  of  other  elements  of  the  next  stage  in  the  circuits. 

We  have  calculated  the  terminal  impedance  of  the  Illuminated  open-end  assuming  the  exponential  dis¬ 
tribution  of  the  induced  carriers  According  to  the  conventional  transmission  line  analysis,  the  scattering 
parameters  of  the  line  are  numerically  estimated  with  respect  to  the  Impedance  variation  of  the  stub. 

We  suppose  the  following  structural  parameters  in  the  calculation.  The  thickness  of  the  substrate  is 
0.4mm.  The  strip  widths  of  the  main  and  the  stub  lines  are  0.5,  0.7mm,  respectively.  The  main  line  is 
18.8mm  long.  The  stub  is  positioning  at  a  distance  6.6mm  apart  from  the  input  port  and  its  length  is 
5.6mm. 

Figure  2  shows  the  transmission  characteristics  for  the  frequency  range  from  1  to  13GHz.  It  can  be 
seen  that  the  transmitted  power  and  phase  shift  of  waves  is  varied  by  the  induced  carriers. 

The  reflection  characteristics  and  the  input  impedance  are  also  calculated  and  it  is  confirmed  that  they 
can  be  controlled  by  the  illumination. 
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We  made  a  prototype  device  using  a  silicon  substrate.  The  dimensions  are  the  same  as  those  In  the 
calculation.  The  end  of  the  stub  is  illuminated  with  a  laser  light  of  830  nm  wavelength  up  to  32m W. 


The  me&auied  ttansmis^'.on  charactetliilcs  a!;e  ahown  in  Fig.3.  The  experimental  result  agrees  with  the 
calculated  one. 

The  change  of  the  S  parameters  in  the  figures  indicates  the  impedance  variations  of  the  input  and 
output  ports  by  opticsJ  means. 

5.  CONCLUSION 

We  have  proposed  a  mlcrostiip  line  with  a  tunable  stub.  The  Impedance  of  the  stub  can  be  changed 
with  a  laser  light  for  optical  injection  of  chtriera  in  the  silicon  substrate. 

The  optically«tunable  stub  proposed  here  is  simple  and  made  easy.  We  have  the  more  degree  of  freedom 
for  tuning  by  multi^stubi  and  lasers. 

The  authors  would  like  to  thank  Mr.Nakai  for  his  assistance  in  the  experiment. 
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Fig.  2  Theoretics]  transmission  characteristics. 

Ns  is  the  carrier  density  per  unit  area. 
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ABSmgl 

The  optical  control  of  miUlmetei  waves  in  the  silicon  image  and  H-guides  were  investigated.  The 
optical  control  of  the  dispersion  characteristics  of  those  guides  were  confitmod  both  thebrotically  and 
experimentally  using  the  Xenon  arc  lamp.  To  increase  the  sensitivity  of  the  optical  control  of  the  image 
line  illver,  the  Mach-Zehnder  interferometer  type  Alter  was  demonstrated  «Xpetim<t:tally.  To  obtain  the 
switching  behaviour  of  the  radiation  beam  from  the  H-guido  leaky  wave  antehtra,  the  Bragg  type  antenna 
cascaded  with  the  optical  switching  element  was  also  demonstrated  experimentally. 

2.1NTRQDUCTIQN 

There  is  now  considerable  interest  focussed  on  the  held  of  optical  control  of  microwave  and  millimeter 
devices,  circuits  and  systems,  such  as  phased  array  antennas,  optical  probings  and  high  speed  optical 
Aber  links.*  This  paper  discusses  the  optical  control  of  the  millimetst  wave  in  the  image  line  and  H>guide 
using  the  high  resistivity  silicon  substrate  and  by  means  of  the  optically  induced  plasma.  The  Image  line 
Alter  of  the  Maoh^Zehnder  interferometer  type  and  the  optical  switching  of  the  radiation  beam  from  the 
H-guide  leaky  wave  antenna  are  experimentally  demonstrated. 

am  IMAGE, .UNE 

The  dbpetsion  relation  of  the  image  line  was  derived  using  the  cAictlve  dielectric  constant  method. 
The  phase  and  the  attenuation  chrirsvt«ti*tic6  of  the  line  were  estimated  numerically  for  various  vaIuss 
of  the  plasma  densities. 

The  experiment  was  carried  out  at  the  Q*band.  The  waveguides  used  in  the  experiment  were  made  of 
high  resistivity  silicon  having  reilstivity  of  5000  fl-cm.  When  the  optical  energy  of  3.2  W  from  the  Xenon 
arc  lamp  was  applied  to  the  Image  line,  attennatloP  in  the  transmitted  signal  of  more  than  20  dB  was 
observed  with  the  strong  frequency  dependence.  To  e.'hance  the  sensitivity  of  the  optical  control,  Mach- 
Zohnder  interferometer  type  waveguide  using  tho  imago  tine  was  proposed  with  one  of  the  waveguide  arms 
periodically  corrugated  as  shown  in  Fig.l.  If  the  phase  of. the  corrugated  arm  differs  by  180°  from  that 
of  the  oiher  arm  without  cottugatiun,  .t.he  two  «:ignah  interfere  and  a  sharp  notch  feature  will  appear. 

Expeiiments  on  the  optical  control  of  a  interferometer  with  14  cells  periodically  corrugated  on  one 
of  the  arms  were  carried  out  at  the  Q-hand,  and  the  result  are  shown  In  Fig. 2.  When  optical  power  of 
about  90  mW  was  (llumiuated  to  the  corrugated  arm,  the  sharp  notch  feature  was  signlAcantly  reduced 
to  about  IS  dB  around  41  C'lHs. 

4.TttE  HrGUIDE 

Optical  control  of  the  H-guide  geometry  consisted  of  a  dielectric  slab  attached  to  the  silicon  slab  at 
a  side  of  it.  The  dispersion  relation  of  the  LSE  {TEh)  mode  w*‘i  estimated  numerically  as  a  function  of 
the  plasma  densities.  The  frequency  dependence  on  the  wave  attenuation  of  TEii  mode  by  the  plasma 
was  increased  for  the  lower  frequency. 

The  H-guide  was  caiefuily  doslgnod  using  both  the  teAon  and  the  the  silicon  slabs  of  90mm  length. 
The  20  cIB  change  of  amplUude  of  the  millimeter  waves  in  the  H-guide  was  observed  by  Illuminating 
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the  Xenon  ate  lamp.  The  optical  switching  of  radiation  beam  from  the  H-guide  leaky  wave  antenna  was 
examined,  which  was  designed  by  the  metal  grating  and  the  switching  element  in  the  cascade  form,  The 
switching  element  consisted  of  a  silicon  slab  as  shown  in  Fig.3. 

If  optical  response  of  the  switching  element  is  chosen  to  be  the  Bragg  frequency  of  the  leaky  wave 
antenna,  the  radiation  frequency  pattern  of  the  leaky  wave  will  be  significantly  controlled  by  the  optical 
means.  Fig. 4  shows  a  typical  response  of  the  leaky  wave  with  and  without  illumination  by  Xenon  arc 
lamp  of  200  mW  optical  power.  The  radiation  beam  was  switched  16  dB  by  the  light. 

s.GQHgLUSIQMS 

We  have  investigated  the  optical  control  of  the  millimeter  waves  in  the  image  line  and  the  H-gulde. 
The  optical  control  of  the  dispersion  characteristics  were  confirmed  theoretically  and  ex  .erlmentally  for 
both  the  waveguides. 

To  increase  the  sensitivity  of  the  optical  control  of  the  image  line  filter,  the  Mach<Zehnder  interfer¬ 
ometer  type  filter  was  demonstrated  experimentally.  Optical  switching  of  the  radiation  beam  from  the 
H-guide  leaky  wave  antenna  was  also  examined.  These  devices  may  be  useful  to  find  new  signal  processing 
devices  for  the  millimeter  wave  frequency. 


optical  power 
silicon  Image  line 
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Flg.l  Geometry  of  the  problem  of 
the  Mach-Zehnder  interferometer. 
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Pig.3  Geometry  of  the  H-gulde  leaky  wave  antenna. 
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Fig. 2  Filter  response  of  the  interferometer. 


Fig.4  Optical  response  of  the  radiation  beam  from 
the  H-gulde  antenna. 
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QuMl*optical  switching  for  nun-wave  cavity  dumping 

O.M.Sinlth,  J.C.OJLesurf,  Y.Cui,  M.H.Dunn 


St.  Andrews  University,  Department  of  Physics  and  Astronomy,  Fife  KY169SS,  Scotland 


Abstract 

A  thin  silicon  wafer  when  Ulumlnaied  by  a  Q-swllched  frequency  doubled  Nd-YAO  laser  is  used  as  a  very  fast  ultra-low  loss, 
quut-opUcal  photo-conductive  switch  to  cavity  dump  a  millimetre-wave  open  resonator.  Initial  experiments  Indicate  that  it 
should  be  possible  to  provide  short  pulses  at  millimetre-wave  frequencies  with  power  gains  of  several  hundred. 

1.  Introduction 

It  hu  been  demonstrated  that,  with  beam-splitter  coupling,  the  finesse  of  a  matched  open  cavity  at  940Hz  can 
exceed  ISOO  and  be  limited  only  by  the  resistive  loues  in  the  copper  mirrors  (0.08%)[1],  For  a  matched  cavity  this  moans 
that  the  circulating  power  within  the  cavi^  is  about  300  times  the  incident  power  density.  It  would  be  of  Interest  if  this 
power  level  could  be  ‘cavity  dumped',  to  create  short  high  power  pulses.  This  requires  a  switch  to  be  fast  compared  to  the 
round  trip  time  of  the  cavity,  but  that  doesn't  substantially  degrade  the  losses  and  the  circulating  power  within  the  cavity. 
This  requires  a  switch  to  operate  on  nano-second  or  sub  nano-second  time  scales,  but  with  an  insertion  loss  well  below  0. 1  % 
(0.004dB). 


Such  a  twitch  has  been  demonstrated  using  a  very  thin  sheet  of  high  resistivity  silicon  placed  at  43  degrees  in  a  high 
Q  open  resonator  as  illustrated  in  Figure  1.  In  normal  operation,  Uie  silicon  acts  as  a  dielectric  sheet  and  can  have  extremely 
low  lou.  However,  the  silicon  can  be  switched  by  illuminating  the  sheet  with  a  fast  rising  laser  pulse  whose  photon  energy 
la  above  the  bandgap  of  silicon.  This  creates  an  almost  Instantaneous  electron-hole  plasma  layer  that  can  have  metallic 
properties  at  high  enough  carrier  densities  [2]  and  reflect  nearly  all  the  ntlcrowave  power  out  of  one  arm  of  the  cavity. 

High  purity  silicon  (resistivity  >  10k  Ocm)  has  extremely  low  lou  at  mllllmeire  and  sub-millimetre  wave 
frequencies  with  power  absorption  <0.02  cm'>  at  lOOOHz  [3]  and  no  more  than  0.03cm’^  between  lOOOHz  and  2THa  [3]. 
Thus  the  silicon's  resistive  lou  can  be  very  low  compared  to  the  resistive  lou  in  the  end  mirrors.  In  addition,  the  loss  due  to 
reflection  from  the  sheet  can  be  cancelled  by  positioning  a  third  mirror  in  a  Mlchelson  interferometer  arrangement  as 
illustrated  in  Figure  1.  Thus  the  circulating  power  within  the  cavity  can  remain  extremely  high.  Experimental  measurement 
of  the  cavity  Q  and  coupling  parameter  has  shown  that  a  130tun  silicon  wafer  (3  inch  diameter)  contributed  no  more  than 
0.03%  extra  lou  In  the  cavity.  In  this  particular  experiment,  diffraction  losus  around  the  wafer  may  also  have  contributed 
aignlflcantly  to  this  flgura. 

Simple  theoretical  considerations  and  initial  experiments  have  indicated  that  energy  levels  of  a  few  mJ  must  be 
absorbed  by  the  silicon  In  a  few  nano-seconds  for  efficient  quasi-optlcal  switching  over  reasonable  areas.  This  requirement 
indlcatu  the  use  of  a  Q-swiiched  NdiYAO  system,  at  energy  levels  which  are  compatible  with  diode-pumped  technology  [4], 
In  addition,  frequency  doubling  of  Nd: YAO  is  usually  preferred  because  the  high  conversion  efflclencles  and  small 
absorption  depth  In  silicon  allow  more  photons  to  be  absorbed  In  thin  silicon  sheets.  (This  is  because  the  absorption  depth  for 
green  light  at  0.33^m  is  only  1.25Mm  compared  to  an  absorption  depth  of  1.4mm  for  infra-red  at  1.06pm  at  940Hz  [3]). 

2.  ExperlmenU 

Figure  2  illustrates  the  optics  tiiat  have  been  used  in  initial  experlm  mts  to  demonstrate  the  feasibility  of  cavity 
dumping  at  940Hz  where  the  silicon  switch  wu  also  used  as  the  input  beam-splitter.  Despite  the  silicon  having  a  net 
reflectivity  of  around  40%,  it  is  still  possible  to  completely  match  power  into  the  3-mlrror  system  by  ncljustlng  the  backshort 
mirror  [1].  To  demonstrate  efficient  switching  the  millimeter-wave  spot  size  at  the  silicon  wu  focused  to<3mm  and  the 
long  arm  of  the  cavity  was  made  approximately  1.0m  giving  a  round-trip  lime  of  6nano-seconds.  This  meant  that  the 
diameter  of  the  mirror  in  the  long  arm  of  the  cavity  needed  to  be  very  large  (1.0m),  A  low  lou  quasi-optlcal  Faraday  roUitor 
wu  used  as  a  circulator  and  provide  Isolation  from  the  source  which  would  otherwise  be  load-pulled  by  the  external  cavity. 
The  source  was  a  Ounn  ouillator  phase  locked  to  an  BIP  counter  to  ensure  that  the  Input  frequency  of  the  Ounn  oscillator 
remains  at  cavity  resonance.  A  Q-switched,  frequency  doubled,  fluh-lamp  pumped  Nd; YAO  laser  capable  of  dellvcrtng 
6mJ  of  green  light  in  10ns  was  used  in  the  experiments.  It  wu  estimated  that  the  laser  provided  at  least  ImJ  of  green  light 
within  the  first  three  nano-seconds  and  the  Illuminated  area  ot  tiie  silicon  wu  approximately  Sem^,  However,  the  maximum 
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finesse  obtained  with  the  cavity  shown  in  Figure  2  was  100  which  meant  that  the  circulating  power  was  only  around  30  times 
the  incident  power.  This  is  partly  due  to  Imperfections  in  the  large  diameter  minor  and  portly  due  to  the  large  reflectivity  of 
the  silicon  beam-splitter.  Figure  3  shows  a  typical  cavity  dumped  pulse  when  this  cavity  was  switched,  where  the  time-base  is 
SOns/division.  Pulse  duration  was  typically  8ns,  with  a  power  gain  of  the  of  the  order  of  10.  Measurement  of  the  output 
power  was  made  using  a  single  ended  Schottky  bairier  mixer  diode  and  a  fast  sampling  oscilloscope  (HP541 1  ID). 

These  results  clearly  demonstrate  the  principle  and  feasibility  of  fast  switching  and  cavity  dumping.  However,  substantiai 
performance  improvements  are  expected  at  higher  laser  pulse  energies  (or  shorter  pulse  duration 's)  for  faster  and  more 
efficient  switching.  Doubling  the  input  laser  energy  is  expected  to  double  the  rf  power  output.  Large  improvements  in  the 
level  of  circulating  power  in  the  long  aim  of  the  cavity  should  also  significantly  Increase  the  power  output,  and  are  expected 
for  thinner  silicon  wafen  and  operation  in  the  type  of  circuit  illustrated  in  Figure  1.  Cavity  dumped  systems  with  power 
gains  of  several  hundred  at  W-band  would  appear  to  be  very  feasible  and  are  expected  to  be  demonstrated  in  the  near  future. 
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Fig.l  Dagram  illustrating  principle  of  quasi-optical  cavity 
dumping.  When  the  silicon  beam-splitter  is  illuminated  by  a  luer 
pulse  it  changee  horn  a  low  lose  dielectric  to  a  highly  reflective 
plasma  and  dumps  power  horn  one  arm  of  the  cavity. 


Fig  2.  Diagram  illustrating  schematically  the  optics  used  to 
demonstrate  quasi-optical  cavity  dumping 


Fig.  3  Trace  indicating  a  typical  cavity  dumped  output 
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Optically  Excited  E-plane  Electron-Hole  Plasma 
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State  Key  Laboratory  of  Millimeter  Waves 
Department  of  Radio  Engineering,  Southeast  University 
NaRjing  210018,  Jiangsu 
People’s  Republic  of  China 


Abstract 


This  paper  describes  the  phase  shift  and  loss  meohaaism  of  the  optically  excited  B-plane  electron-hole  plasma.  For 
OaAs  as  the  inserted  semiconductor,  it  is  aho>vn  that  an  optically  sensitive  regime  occurs,  where  the  phase  shift  is 
highly  influenced  by  the  illumination  and  the  peak  of  the  optically  induced  loss  exists.  The  regime  is  changed  by  the 
distribution  profile  of  the  excess  carriers.  It  is  observed  ^at  at  the  high  iitjeotion  light  power  level,  the  optically 
excited  plasma  behaves  as  the  metallic  strip  does.  The  field  distributions  at  the  optically  excited  plasma  section  are  also 
demonstrated,  which  support  the  field-displacement  effects  of  the  plasma. 


Formulation 


Fig.l  shows  the  configuration  under  investigation.  The  semiconductor 
is  longitudinally  inserted  in  a  rectangular  waveguide  and  at  the  section 
0<z<w,  is  laterally  illuminated  by  laser  radiation.  The  iitjected  photons 
generate  free  carriers  or  electron-hole  plasma  over  a  thin  layer  directly  under 
the  surface.  The  free  carriers  are  assumed  to  be  uniform  on  the  plane 
(o<y<b,0<z<w),  but  inhomogeneously  distribute  inside  aemiconductor 
along  X  direction  due  to  the  diffusion  effect  and  the  exponential  absorption 
of  the  photon  energy.  For  more  subtle  information  to  be  required,  the 
diffusion  of  free  carriers  along  z  direction  will  be  involved.  For  simplicity, 
the  effects  of  optical  Iqjeotion  hole  are  not  addressed  in  this  paper  although 
the  hole  is  inevitable  in  practical  applications.  When  the  end  discontinuity 
effect  is  taken  into  account,  the  problem  of  interest  concentrates  on 
calculating  the  scattering  parameters  of  the  optically  excited  E-plane  plasma.  I 

The  model  above  suggests  that  the  electric  fields  in  Fig.  1  has  only  y- 
component  independent  of  y  variable. 

Suppose  an  incident  field  Ey'"(x,z)  of  the  dominant  mode,  the  existence  of  the  plasma  excites  the  scattered  field 
E/(x,z).  It  can  be  expressed  in  terms  of  the  total  electric  fteld  Ey(x,z)  as 

Ey(x,z)  -  By  (x,z)  +  By*  (x,z)  (1) 


By  definition,  the  scattering  parameters  of  the  plasma  are  determined  by 

«  .  B,*(h„-\)  „  _  E,(h,,L.\) 

a.  I  ■  ■■  1  »  »A1  MOMIM  I 

Ey'(h,,0)  By'(h,.0) 


(2) 


The  difference  between  the  phase  angles  for  and  Sji'*  without  and  with  Illumination  gives  the  phase  shift  of  the 
plasma  A^,  i.e., 


A  0  <■  Z  Sj,  +  2t  '*■  j9L 


(3) 
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The  optically  induced  loss  a  can  be  derived  from  S,|  and  S,,: 

a-1  |SJ»  (4) 

Bqn.(l)  if  the  Fredholm’s  integral  equation  of  2od  kind,  the  kernel  of  which  is  a  slowly  convergent  and  is  rapidly 
oscillating  for  large  wave  number.  The  direct  implementation  of  eqn.(l)  will  be  accompanied  by  the  poor  numerical 
efficiency.  The  great  improvement  on  the  numerical  efficiency  is  achieved  by  using  uymptotio  extraction  technique. 

Numerical  results  and  diacuasion 

The  formulation  described  above  hu  been  used  to  compute  extensively  the  phase  shift  and  the  attenuation 
charaoteristios  of  the  optically  excited  E-plane  electron-hole  plasma,  where  the  inserted  semiconductor  is  assumed  to 
be  QaAs.  Its  material  and  property  parameters  have  been  aummarized  in  [1].  Pig.2  and  3  illustrate  the  curves  for  the 
phase  shift  and  the  optically  induced  loss,  where  the  waveguide  dimensions  are  axb>2.S4xl.27mm*, 
h|  Mh,*  1. 17mm.For  GaAs,  the  thickness  h}«0.2mm  and  the  permittivity  without  illumination  13.1.  The  pluma 
length  is  maintained  at  w«lmm.  The  millimeter  wave  signal  is  generated  by  a  source  f«94aHx.  It  is  noted  that  an 
optically  sensitive  regime  occurs  where  the  phase  shift  is  highly  affected  by  the  illumination  and  the  peak  of  the 
optically  induced  loss  exists.  It  also  is  observed  that  the  ragime  is  changed  by  the  diffusion  length  of  the  excess 
carriers.  The  dependency  of  a  on  indicates  that  under  the  intense  illumination,  the  large  attenuation  of  millimeter 
wave  signal  passing  the  plasma  is  mainly  attributed  to  the  reflection  from  the  input  end  of  the  pluma  rather  than  the 
energy  dissipation.  Insight  into  the  change  of  the  field  configuration  at  the  optically  excited  plasma  section  reveals  that 
the  plasma  has  the  field-displacement  characteristics.  At  the  high  density  of  the  excess  carriers,  the  field  is  nurly 
excluded,  or  shortly  circuited  by  the  plasma.  The  millimeter  wave  signal  passes  the  plasma  u  if  it  entered  a  cut-off 
waveguide. 


Rfifletfinfica 

[1]  A.M.Vauoher,C.D.Striffler  and  C.H.Lee,  "Theory  of  optically  controlled  millimeter  wave  phase  shifters", 
IEEE  Trans,  on  MTT,  vol.MTT-31,  pp.209-216,1983 


Fig.2  The  phase  shift  versus  the  surface  exceu 
carrier  density  with  the  diffusion  length 
u  a  parameter 


Fig.  3  The  optically  Induced  loss  versus  the  surface 
excess  carrier  density  with  the  diffusion 
length  M  a  parameter 
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MULTIMODE  ANALYSIS  OF  SUBMILLIMBTRE-WAVE  OPTICAL  SYSTEMS 

S.  Withington,  Cavendish  Laboratory,  Cambridge,  U.K. 

J.A.  Murphy,  St.  Patrick’s  College,  Maynooth,  Ireland. 

We  have  developed  a  software  package  called  PROFILE  for  designing  millimetre*  and 
submiUimetre'Wave  optical  systems.  The  softwture  is  bstsed  on  the  principles  of  multimode 
Qausslan  optics.  It  is  run  in  an  Interactive  mode,  where  one  simply  moves  forwards  or 
backwards  through  an  optical  system  adding  in  components  as  the  occur.  At  any  stage,  it  is 
possible  to  Inspect  the  basic  parameters  of  the  beam,  look  at  the  power  distribution  across  any 
cut,  or  store  the  beam  away  for  ftiture  use.  Simple  Qausslans,  corrugated  horns,  Potter  horns, 
diagonal  horns,  conical  horns,  or  previously  saved  Images  can  be  used  to  illuminate  a  system 
comprising  free-space  paths,  thin  lenses,  dielectric  slabs  with  curved  surfaces,  ellipsoidal 
mirrors,  and  truncating  apertures.  When  placing  an  aperture,  the  software  first  works  out 
the  amount  of  loss  that  will  be  Incurred  if  the  aperture  is  put  in  place;  the  user  is  then  given 
the  option  of  using  the  component  or  not.  If  the  aperture  is  placed,  the  new  beam  will  diffract 
away  from  the  aperture  towards  the  next  component.  In  the  case  of  an  ellipsoidal  mirror,  all 
of  the  parameters  required  to  manufacture  the  mirror  are  calculated.  During  a  session,  a  log 
file  is  kept,  which  at  the  end  becomes  a  complete  record  of  the  system  being  studied. 

PROFILE  uses  the  techniques  of  multimode  Gaussian  optics;  that  is  to  say  the  fields  across 
the  effective  aperture  of  the  illuminating  source  are  broken  down  into  diffracting  free*space 
modes.  Once  the  mode  coefRcients  are  known,  the  beam  can  be  followed  through  a  system 
simply  by  propagating  three  parameters:  the  Gaussian  radius,  which  characterises  the  scale 
sise  of  the  beam;  the  radius  of  curvature,  which  characterises  the  phase  front  of  each  mode; 
and  the  phase  slippage,  which  characterises  the  form  of  the  beam.  In  our  software,  we  use 
Associated  Laguerre  modes  throughout  because  they  are  based  on  a  cylindrical  co*ordinate 
system  and  have  a  number  advantages  when  applied  to  general  problems.  One  advsmtage  is 
that  the  image  can  be  rotated  easily  about  the  Erection  of  propagation.  Another  advantage 
is  that  the  scattering  matrix  describing  the  way  in  which  power  is  scattered  between  modes 
at  diffracting  apertures  can  be  calculated  through  recursion  relationships  alone,  and  there  is 
no  need  to  numerically  evaluate  overlap  integrals.  Systems  containing  multiple  diffracting 
apertures  are  particularly  interesting  to  study. 

The  above  software  has  appears  to  be  an  excellent  way  of  designing  complicated  millimetre 
and  submllllmetre-wave  optical  systems.  If  one  were  to  do  it  in  a  classical  way,  it  would  be 
necessary  to  perform  numerous  diffraction  integrals,  and  one  would  not  get  the  flexibility  or 
physical  insight  provided  by  the  Gausslan-mode  approach.  Once  a  system  has  been  designed, 
it  is  of  course  possible  to  get  a  more  precise  understanding  of  its  performance  by  using  rigorous 
classical  techniques. 

In  addition  to  enhancing  PROFILE,  we  are  working  on  a  number  of  supplementwy  prob* 
lems.  We  have  already  developed  a  technique  for  calculating  the  scattering  matrices  of  thin, 
shaped  offraxls  mirrors.  The  surfaces  of  the  mirrors  can  have  standard  analytical  forms,  or 
they  can  be  described  numerically.  Unfortunately,  the  technique  uses  Hermite  modes,  and 
so,  at  present,  it  is  not  compatible  with  the  above  software.  A  second  problem  is  that  we 
would  like  to  know  the  mode  content  of  sources  other  than  simple  horns,  lb  this  end,  we 
are  working  on  a  phase-retrieval  method  for  experimentally  determining  the  complex  mode 
coefficients  of  submillimetre-wave  beams  from  Intensity  measurements  alone. 
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Th«  implioatlom  of  parttalIy>eoher«nt  lignal  baama  on  tha  parformanca  of  Intarfaromotrie 

apaetromatara  in  tha  30**800  QHa  ranga. 

J  W  Bowen 

Department  of  Phyaica,  Queen  Mary  and  Weatdeld  College,  University  of  London 

1.  INTRODUCTION 

In  the  30-800  GHa  range  interferometric  spectrometers  are  commonly  employed  in  the  spectral  characterisation  of 
materials  and  components.  However  the  multi-octave  beams  propagating  through  such  spectrometera  are  not  only 
diffraetively  spreading  but  have  a  degree  of  coherence  which  changes  with  frequency  resulting  in  an  Instrument  resolution 
hinetion  that  changes  with  frequency.  1  will  describe  how  it  is  now  possible  to  treat  partlally-coherent  sighal  beams 
using  Qauss-Bermlte  beam-mode  analyste  and  will  present  numerical  models,  based  on  this  technique,  of  the  instrument 
resolution  frinctlon  of  a  typical  spectrometer. 

3.  PARTIALLY-OOHBRBNT  BBAMS  AND  DIFFRAOTIVB  PROPAGATION 

If  we  are  to  avoid  the  use  of  Impractlcally  large  optical  components  in  the  30-800  GHi  range  signal  beams  will  typically 
be  less  than  one  hundred  wavelengths  across  and  diffractive  spreading  will  be  a  feature  of  propagation.  To  facilitate 
the  design  of  optical  systems  It  Is  convenient  to  decompose  such  (paraxial)  beams  into  a  superposition  of  orthonormal 
‘‘beam-modes"  the  relative  amplitudes  of  which  are  completely  determined  by  knowledge  of  the  Held  in  any  beam 
cross-section.  The  field  of  each  beam-mode  changes  as  it  propagates  in  a  well  defined  manner  and  the  total  beam  field 
at  any  "down-beam"  distance  may  be  calculated  by  coherently  summing  the  beam-mode  fields  over  that  cross-seetlon. 
The  Gavus-Hermite  (OR)  frinetlons  ate  particularly  well  suited  for  the  decompoiltlon  of  the  field  and  the  propagating 
OH  beam-modes  that  they  give  rise  to  have  become  familiar  in  the  analysis  of  oohertni  "quosl-optlcal"  beams  and  their 
propagation  through  systems  of  lenses  and  mirrors. 

Wolf‘  has  shown  that  a  patiitUH’Oohenni  beam  can  be  decomposed  into  a  superposition  of  mutually  uncorrelated  but 
spatially  completely  coherent  orthonormal  beam-modes.  The  forms  of  these  modes  and  their  relative  statistical  weights 
are  dependent  on  the  second-order  statistical  correlations  of  the  field.  The  lower  the  degree  of  coherence  the  greater 
the  number  of  modes  in  the  superposition.  For  a  paraxial  partially-coherent  beam  of  arbitrary  form,  we  can  decompose 
each  of  ikt$a  beam-modes  into  a  superposition  of  GH  beam-modes  each  of  which  will  propagate  through  an  optical 
system  as  In  the  coherent  ease.  The  resultant  intensity  distribution  in  the  beam  at  any  down-beam  cross-section  can 
be  found  by  summing  the  compteu  amplUudet  of  the  OH  beam-modes  to  find  the  power  carried  by  each  mutually 
uncorrelated  coherent  beam-mode  and  then  summing  these  power  contributions. 

For  a  special  case  of  partial-coherence,  the  two-dimensional  Gausslan-Schell  model  (OS)  source,  for  which  the  intensity 
distribution  frinction  and  correlation  frinctlon  take  the  form  of  two-dimensional  Gaussian  functions  over  a  given  beam 
cross-section,  the  beam  can  be  decomposed  directly  into  a  superposition  of  mutually  uncorrelated  GH  beam-modes.  If 
the  intensity  distribution  frinctlon  and  correlation  frinctlon  widths  ace  known  the  number  of  modes  required  to  describe 
the  beam  well,  their  relative  weights,  their  common  beam-waist  width  parameter,  the  width  parameters  describing  the 
Intensity  and  correlation  functions  at  all  down-beam  cross-sections  and  the  far-field  spread  angle  of  the  beam  may  sdl 
be  determined. 

A  common  situation  is  that  of  the  beam  from  an  Incoherent  source  (eg.  n  mercury  arc  lamp)  incident  on  the  input  optics 
of  a  quasl-optlcal  system.  If  the  acceptance  angle  of  the  optical  system  (defined  by  aperture  stops)  is  smaller  than  the 
spread  angle  of  the  beam  launched  by  the  source  it  will  determine  the  degree  of  colierence  of  the  beam  accepted  by 
the  optical  system.  Modelling  the  source  as  a  GS  source  with  the  system  input  optics  in  its  far-field  and  relating  the 
acceptance  angle  to  the  far-field  spread  angle  and  the  Intensity  dlstrllnition  width  to  the  source  output  aperture  the 
modal  composition  of  the  accepted  beam  may  be  determined. 

3.  SPBOTROMBTER  INSTRUMENT  RESOLUTION  FUNCTION 

The  basic  principle  of  the  two-beam  Interferometric  spectrometer  Is  to  divide  the  beam  launched  by  a  source  Into 
two  equal  amplitude  beams  into  one  of  which  a  variable  phase  delay  is  introduced  by  varying  the  path  length.  The 
beams  are  recombined  and  focussed  onto  a  detector  and  the  variation  in  the  resultant  power  caused  by  the  changing 
interference  between  the  two  beams  as  the  path  difference  alters  is  detected  and  recorded.  This  record  Is  known  as 
the  interferogram  and  is  the  scitiared  modulus  of  the  autocorrelation  function  of  the  time-dependent  field  of  the  input 
beam.  Hence,  Fourier  transformation  of  the  Interferogram  yields  the  power  spectrum  of  the  source. 
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In  practice  it  ii,  of  course,  only  ever  possible  to  record  the  interferograrn  over  a  limited  range  of  path  difference  and 
this  results  in  convolving  the  power  spectrum  with  a  factor  known  as  the  instrument  resolution  function  (IRF)  which 
imposes  a  limit  to  the  attainable  resolution.  If  the  interfering  beams  were  perfectly  collimated  the  IRF  would  lie  a 
sine  function  (resulting  from  multlplybg  the  interferograrn  by  the  truncating  top  hat  function).  The  lack  of  perfect 
collimation  resulting  from  diifractiveiy  spreading  partially-coherent  Inviins  broadens  this  limiting  IRF. 


If  the  modal  composition  of  the  beam  accepted  by  the  spectrometer  is  determined  by  approximating  the  source  as  a  QS 
source,  the  interferograrn  for  a  single  frequency  component  may  be  constructed  numerically  by  adding  coherently^  in  the 
recombination  plane,  the  fields  as  a  fbnetion  of  path  difference  of  each  pair  of  constituent  OH  beam-modes  of  the  same 
mode  number  (beam-modes  of  differing  mode  number  do  not  interfere  becattse  they  are  mutually  uncorrelated)  and 
then  adding  incoherently  the  correctly  weighted  resultant  powers.  Becavtse  the  beams  are  diffiractively  spreading  the 
depth  of  modulation  for  a  given  beam-mode  will  reduce  os  the  path  difference  is  increased,  apodlzing  the  interferograrn 
and  reducing  the  resolving  power.  This  effect  is  more  pronounced  the  higher  the  mode  number  and  therefore  for 
beams  with  a  higher  proportion  of  high  order  beam-modes  (le.  a  lower  degree  of  coherence)  the  resolving  power  will 
be  reduced.  The  IRF  can  be  obtained  by  Fourier  transformation  of  a  truncated  version  of  the  model  interferograrn. 


The  process  used  to  calculate  the  signal  frequency  in  Fourier  transform  spectrometry  assumes  that  the  collimated 
beams  travelling  throvigh  the  Interferometer  are  plane-waves.  The  ap|>urent  measured  frequency  will,  however,  be 
modified  by  a  phase-slippage  relative  to  a  plane-wave  which  is  both  mode  dependent  and  varies  non-llnearly  with  path 
difference.  Hence  the  measured  frequency  will  be  shifted  nv/ay  from  its  true  value  and  a  monochromatic  input  will  be 
spread  into  a  range  of  freqtieneles  further  reducing  the  resolving  power. 

4.  NUMERICAL  RESULTS 

The  numerical  results  presented  here  are  for  a  typical  spectrometer  designed  for  the  30-800  QHz  range  with  a  mercury 
arc  lamp  source.  Fig.  1  shows  the  computed  IRF  at  00, 100,  300  aud  800  GHs.  At  00  GHz  the  accepted  beam  is  almost 
completely  coherent  with  07%  of  the  total  power  carried  in  the  first  10  modes.  As  the  freqtiency  is  increased  the  beam 
becomes  less  coherent  with  08  modes  needed  to  successhtlly  model  tlie  beam  at  800  GHz.  The  IRF  for  a  perfectly 
collimated  beam  wotild  have  its  first  zeroes  at  ±1.8  GHz  from  the  central  peak.  It  is  clear  that  the  partially  coherent 
beam  has  little  effect  on  the  resolution  at  00  and  100  GHz.  At  300  and  600  GHz,  however,  the  IRF  is  broadened 
towards  the  lower  frequencies  with  a  degradation  in  resolution  by  factors  of  2  and  4.8  respectively.  At  800  GHz  the 
apparent  measured  freqtiency  is  lower  than  the  true  value  by  2.0  GHz.  At  lower  fretiuencies  this  frequency  error  is 
smaller  and  in  all  cases  is  less  than  the  spectral  resolution  at  that  freciuency. 

5.  REFERENCES 
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Abitract 

To  Improve  the  power  handling  ability  of  Nonlinear 
Tranimlaiion  Llnei  (NLTLi),  multiple  barrier  varactor 
devleea  are  utilised.  NLTLi  have  been  designed  and 
fabricated  on  OaAi  wafers  with  a  variety  of  itaoked 
multl’barrler  itructurei. 


each  coplanar  waveguide  is  ohoien  as  90fl,  with  a  large 
signal  Impedance  of  SOQ.  Each  NLTL  consists  of  30 
sections.  The  spacing  between  diodes  is  ^00^m,  and  the 
diode  area  is  ISO^m^.  To  reduce  the  series  resistance,  the 
Interdlgltal  layout  for  the  diodes  was  employed  ,  as 
shown  In  Flg.l.  The  finger  width  is  4tim,  and  the  gaps 
between  the  fingers  Is  3|Am. 


Introduction 

With  the  advent  of  modern  MSB  technology,  stacked 
multi-barrier  varactors  have  become  extremely  promising 
devices  for  high  speed  and  high  power  applications.  Two 
such  devices,  the  Multl-Quantum-Bsrrler  Varactor 
(MQBV)  and  the  Schottky-Quantum-Barrier  Varactor 
(SQBV),  offer  improved  performance  as  compared  to 
standard  Schottky  varactor  diodes  in  harmonic  generation 
applications.  The  MQBV  is  a  stacked  quantum  barrier 
varactor,  while  the  SQBV  Is  comprised  of  a  Schottky 
barrier  on  top  of  an  MQBV  structure  [1,2].  The  epitaxial 
stacking  structure,  together  with  the  zero  built-in 
voltage  of  the  quantum  barrier,  moke  both  devices  have  a 
higher  cut-off  frequency  and  an  improved  breakdown 
voltage  compared  to  Schottky  varactors.  By  using  a  back- 
to-back  layout  configuration,  MQBV  and  SQBV 
varactors  have  symmetric  C-V  curves;  hence,  these  two 
devices  have  strong  nonlinearltles  for  both  positive  and 
negative  voltages. 

Schottky  diodes  have  been  generally  employed  as 
nonlinear  elements  In  nonlinear  transmission  line 
application  for  picosecond  waveform  generation  [3,4].  In 
this  work,  we  utilize  multiple  barrier  varactor  devices  as 
nonlinear  elements  to  increase  the  power  handling 
capability  of  Nonlinear  Transmission  Lines  (NLTLs). 

Approach 

Our  NLTLs  consist  of  high  impedance  coplanar 
waveguides  loaded  with  stacked  multi-barrier  varactors. 
As  a  proof-of-principle,  the  NLTLs  were  designed  to 
generate  short  pulses  with  <7ps  rise  time,  which  match 
the  limit  of  our  current  testing  system.  However, 
simulations  Indicate  that  short  pulses  with  <lps  rise  time 
can  be  generated  with  MQBV  and  SQMV  structures, 
using  parameters  consistent  with  our  monolithic  array 
fabrication  experience.  In  current  work,  the  Impedance  of 


Fig.  1  Single  Diode  Layout 


We  employed  a  three-mask  fabrication  procedure. 
NLTLs  were  fabricated  on  OaAs  wafers  with  MQBV  and 
SQBV  Structures.  To  further  Improve  the  NLTL 
performance,  we  have  also  Investigated  the  use  of  stacked 
superlattice  barrier  structures.  The  cross  sectlonsl  view 
of  Stacked  Superlattice  Varactors  is  shown  In  Pig.  2. 


Ohmic  Contact 


Active  Layer 


Pig.  2  Cross  Sectional  View  of  Stacked 
Superlattice  Varactors 
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The  meaiured  ohmic  contact  reiiitivity  of  tingle 
devices  it  2.8SxlO‘'^flcm2.  A  OaAt/AlAs  luperlattice 
barrier  waa  employed  inatead  of  a  AlOaAa  barrier  to 
reduce  the  leakage  current  attociated  with  OaAa  baaed 
barrier  varactors  f5'-7].  The  doping  profile  of  the  stacked 
superlattice  barrier  varactor  in  shown  in  Pigs,  3  and  4. 


lOOOAN-fUyer 


2500  A  Depletion  Layer 


Superlattice  Barrier 
2500  A  E)epletlon  Layer 


Superlattice  Barrier 
2500  A  Depletion  Layer 


N4>  Layer 


Seml'lntulating  Substrate 


Pig,  3.  Doping  Profile  of  Stacked  Superluttlce 
Barrier  Varaotora 


40  A  AlAe  Undoped 


10  A  QaAt  Undoped 


40  A  AlAs  Undoped 


10  A  OaAs  Undoped 


40  A  AlAi  Undoped 
10  A  OaAa  Undoped 


40  A  AlAt  Undoped 


Pig.  4  Profile  of  the  Superlattice  Barrier 


likewlae  connected  to  a  Tektronix  11802  Digital 
Sampling  Oscllloacope  equipped  with  a  SO  OHz  sampling 
head. 


Pig.  5  Testing  System  for  Short  Pulse  Oeneratlon 
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Bach  NLTL  is  tested  using  the  testing  setup  shown  in 
Pig.  5.  The  output  of  a  90ps  i^HM  Impulse  generator  is 
Introduced  to  the  NLTL  using  65  OHz  bandwidth  probes 
manufactured  by  Cascade  Microtech.  The  output  is 


MM-Wove  spatial  Inteifeioiiietry  as  a 
passive  alternative  to  radar. 

/  C.  G,  LKUtf&M.  R.  Robertson 

Physics  &  Astronomy  Dept.  University  of  St. 
Andrews,  Fife  KY16  9SS,  Scotland 

i,  AhstmL 

Information  ragarding  the  beaiitig  and  range  of  an 
emitting  (or  absorbing)  ohiect  may  be  obtain^  using 
suluble  quaalKtptical  circuiu  to  perform  spatial 
interferometry.  These  circuits  can  also  be  us^  to 
recover  spectral  information.  The  system  considered 
here  may  be  used  to  detect  and  lotate  either 
luurroivband  or  broadband  thermal  targets  which  may 
l>e  placed  in  a  semknutsparent  medhjm  such  as  the 
atmosphere.  Unlike  comentional  thermal  Imaging  the 
technique  may  be  employed  to  detect  and  range  a  target 
whose  temperature  is  the  same  u  that  of  Its  background 
attd  surroundingi. 

^1  Thi  SRatial  tniat^nuMtsL 

By  the  use  of  appropriate  spatial  interferometry 
techniques  we  may  measure  the  phasefWmt  shape 
radiated  by  an  emitdng  otticct.  This  measurement  then 
permits  us  to  deduce  the  range  and  bearing  of  the 
object  under  observadon,  The  mm/subrnm  wavelength 
range  it  pardcularly  suitable  for  spatial  phase 
Interferometry  of  this  kind.  Longer  wavelengths  would 
tend  to  lead  to  a  reduedon  In  linear  posidonal 
resoludon  for  a  given  phase  accuracy.  Attempts  to  use 
visible  &  neaiwitlble  wavelengths  would  lead  to 
relatively  severe  problems  arising  firom  atmospheric 
fluctuadons  and  phase  ambiguldes  due  to  signal  path 
lengths  varying  by  many  wavelengths. 

Various  quati-opdcal  circuits*  may  be  employed  to 
perform  mm/ttib-i^  spatial  interferometry.  Circuiu  of 
thb  general  type  have  teen  chosen  for  this  applicadon 
due  to  the  high  ieveb  of  measurement  performance 
tliey  can  provide  In  the  mm/stibrnm  range.*  *  *  Hei«  we 
will  consider  a  three-port  system  whose  Aincdonal 
ciraiit  b  shown  in  flgure  1.  The  meanings  of  the 
sjuibols  used  in  this  diagram  are  u  defined  in  reference 
1 ,  The  three  poru  are  assumed  to  be  placed  along  the  » 
axis  of  the  coordinate  system  and  the  assumed  source 
or  'target'  Is  at  a  nominal  range,  Z*.  as  indicated  in 
figure  8. 
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It  should  be  noted  that  this  arrangement  is  a  simple 
example  of  the  class  of  Mport  spatial  hiterferometers.  In 
general,  more  than  three  poru  are  required  to 
determine  the  three-dimensional  location  of  an 
observed  'target'  ol^ect  Here,  however,  we  will  assume 
that  the  Instrument's  field  of  view  Is  narrowly  confined 
to  a  specific  line  of  sight  Hence  we  may  set  ■  0  and 


The  dlj-Al  Inuirferogram  produced  by  keeping 
«  0  and  altering  whilst  observing  the 
combination  of  an  aunospherlc  distrlbtition  and  a 
specific  target  Illustrated  in  figure  8  may  be  written  m 

Afij  "  J  j^J  d/  +  /,-♦•  J  (l  -  7K)if/  d/  (1) 

where 

df  -  r^(z)Bxp{-^Z}dZ  (2) 

/,  ■  r,ipf  Bxp{-j9Z,}  (3) 

r{z)  ■  aN  Cosj  jl/z’TF  -  Z  -  Ajj  (4) 

Here  TtkTtwn  the  nominal  physical  temperatures 
of  the  aunosphere  and  uuget  respectively,  /i  is  the 
atmosphere's  attenuation  coefBcient,  a  is  the 
responsivlty  of  the  delecdon  system,  i;  is  the  effective 
hraction  of  the  antenna  pattern  occupied  by  the  Urget 
and  X  is  the  target's  opdeal  thickness.  The  fhetor  N 
represenu  the  efficiency  with  which  the  opdeal  system  is 
able  to  convert  input  power  into  interferometric 
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modulation.  Thit  dcpencU  upon  thtt  itytleui'a  luiteiuia 
pattern  and  the  port  ipacing,  X,  For  an  ideally  coupled 
ityitem  luing  hindamental  mode  Gaiuiian  beami  It  may 
be  shown  to  have  the  value  N  »  Exp{-Jf*/(2f«5)}, 
where  U  the  waist  radiiu  of  the  beams. 

The  rhang*.  in  the  observed  interferogram  produced 
by  the  target  will  be 

D\i  ■ 


Conventional  spectroscopic  interferometers  such  as  a 
Martin-Fuplett  ideally  produce  an  interferogram 
symmetric  abotit  aero  path  dilTerence  which  may  be 
Cosine  Fourier  Transformed  to  obtain  the  source 
spectrum.  Spatial  interferometers  of  the  kind 
considered  here  generally  produce  an  uymmetric 
Interferogram  whose  asymmeuy  depends  upon  the 
spatial  distribution  of  the  observed  sources  and  any 
iibsorblng  layers  located  between  the  Instrument  and 
more  distant  sources.  As  a  consequence  we  may  both 
•Sine  and  Cosine  Transform  the  Interferogram  to  obutin 
(I  firequency  dependent  equivalent  vector  temperature 
which  contains  a  comblnadon  of  spectral  and  spatial 
information.  The  interferograms  produced  will  depend 
upon  the  nature  of  the  aunospherlc  distribution,  the 
target,  the  system  design,  and  the  properties  of  the 
chosen  detectors.  The  general  properties  of  the  system 
can  l)e  lUuitrated  by  consMedng  a  simple  situation 


wh 


Ich  produces  the  results  shown  in  flgures  8  &  4. 


FIgurtS 


Here  the  effect  of  a  uiiget  Is  considered  by 
|ierformlng  ■yinmeU'ic  (Cosine)  and  antisymmetric 
(Sine)  transforms  upon  £>it.  The  graphs  plotted  show 
the  modulus,  |dr|  of  the  obser^  change  and  Its 
nominal  symmetry  oflket  displacement 
tvhere  ^  is  the  vector  phase  of  6T, 

For  the  sake  of  example  a  simple  model  of  the 
atmosphere  Is  assumed  which  combines  an  attenuation 
coefllclent  which  rises  with  signal  ffequency  with  a 
single  10  dB/km  absorption  line  at  ISOGHs.  The  target 


is  assumed  to  have  a  general  tiK  m  (il  with  a  line  of 
peak  ipr  ■  OS  at  SOOGHx  and  a  temperature  equal  to 
that  of  the  surrounding  atmosphere.  Such  a  target 
wmild  be  difficult  to  detect  using  conventional  thermal 
methods  which  require  a  temperature  differential. 


These  assumptions  allow  us  to  illustrate  the  effeeu  of 
atmospheric  and  target  spectral  features  upon  the 
recovered  Information.  Du  Is  computed  for  three  Zt 
values  to  Ulusunte  the  effect  of  the  target  range  From 
ilgure  S  it  can  be  seen  that  both  the  atmospheric  line 
and  the  Urget  line  clearly  affect  the  modulus  plots. 
Figure  4  shows  that  6^  aim  depends  upon  the  target 
range  and  the  atmospheric  attenuation,  but  Is  largely 
unaffected  by  the  uurget's  line  feature.  Since  the  effects 
d'  the  uniform  atmospheric  distribution  may  be 
deduced  firom  and  |dr|  this  implies  that  — 
provided  tfx  Is  laige  enough  to  produce  a  noticeable 
change  In  the  oluerved  Interferogram  —  we  may  extract 
information  about  the  target  range  from 
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A  special  3- mirror  quasi- optical  pow^r  cbrnblnlng  system  * 

Xi»  iMtkai  Im  timigmn 
{/niWri^r  o/  Shcironic  simc$  of  Chaa 

dmgdu,  Sichuan  610054.  P.R.Chia 

Abstract 

A  ipccial  quul-optlcsl  power  combinini  lyitam  of  mUllmtt>'r  bMh  propoced  and  dtvoloptd  tn  this  paper. 

It  can  he  clasaiflad  Into  two  cataiorlsei  power  combiner  of  a  Multiple  osclllMors  and  power  eoniblner  of  a  multiple  de> 
vleea  oNlllatlon.  The  eomblnlni  eondltloit .  the  Input  and  output  nouptni  faclirr  and  oomblnlni  eoetflelent  are  treated . 
bated  field  thaary  of  |ulded>wave  and  an  elgentunetlon  appproaeh  tor  aetlva  m(erowave  direult  tvipeellvllly.  The  valldl* 
ty  of  the  daaerlptiona  liven  tor  thia  eomblnlni  hu  already  bMit  eaperlmetar)  ;^lfffd. 

1.  intruduetton 

By  the  principle  of  operation,  this  power  eomblnlni  ayatem  can  bo  ir/  tvo  atruetureti 

1)  The  combiner  of  a  Multiple  oaclUatorai  The  output  powers  from  a  number  of  oaetllatora  that  are  summed  In  the 
quail-optical  cavity  to  produce  a  hither  output  power. 

2)  The  combiner  of  a  Multiple  davlcet  oaoUlatlon  i  a  number  of  devices  that  contributed  to  the  output  power  In  the 
quail-optlcal  cavity. 

2.  Power  combiner  of  a  Multlplo  oselllators 

The  power  eomlni  from  N-way  different  tources  are  coupled  thronih  the  N-holes  In  the  cylindrical  mirror  Mi  Into 
the  cavity  reepeotlvely.  And  the  combined  power  In  the  cavity  it  output  through  the  horn  In  the  mirror  M|  to  the  load. 

3.  Combiner  of  a  MuKlple  devlcei  oselllatlon 

A  multiple  aolid-sUite  device  <Ounn  and  Impstt).  were  mounted  axlilmmetrlcally  at  the  center  of  the  oyllntrloal 
mirror  Mi  •  are  coupled  to  the  electric  field  inside  the  cavity  by  means  of  coaxial  probers.  The  output  window  on  the  mir¬ 
ror  Ml  center  was  readjusted  to  obtain  the  sum  of  the  power  from  all  dovlcei.  DC  blai  la  applied  using  thin  wires  connect¬ 
ed  to  the  probes  Inside  the  cavity. 

4.  Experiments 

1 )  Experiments  of  combiner  of  a  Multiple  osclllatars.  The  attenuations  In  each  power  source  branch  are  spearately 
adjusted  to  get  the  same  power  In  each  waveguide  branch.  When  all  branches  Inject  simultaueously  Into  the  cavity, 
phase  shifters  are  adjusted  In  each  branch  until  the  maximum  combined  power  output  is  obtained. 

2)  Experiment  of  combiner  of  a  Multiple  devices  oscillation.  Ounn  diodes  (WT56)  was  mountsd  at  one  end  of  a 
coaxial  transformer  with  a  proper  length,  and  the  other  end  of  dte  transformer  was  extended  Into  the  cavity  as  a  probe. 
The  length  of  each  probe  are  adjusted  until  the  maximum  combined  power  output  Is  obtained. 

6.  Conclusion 

DA  special  S-mlrror  quasl-optical  power  combining  system  proposed  In  this  paper  Is  a  new  class  of  resonance  cavi¬ 
ty  type  power  combiners.  Owing  to  good  mode  separation  abllllty.  axlsymmetrlcal  field  prodlle  and  high  Q- Value,  the 
proposed  power  combiners  have  attractive  advantages  In  shor  millimeter  and  submillimeter  waves. 

2)  The  3-mlrror  quasl-optical  power  combiner  apllled  the  combining  approach  of  a  multiple  oscillators  Is  important 
for  the  purpose  of  combining  oscillators,  such  as  magnetrons,  klystrons  and  gyrotrons.  It  seems  that  this  power  combiner 
can  be  used  for  high-power  system  such  as  electron  plasma  heating  and  free  electron  laaer. 

3)  The  3- mirror  quasl-optical  power  combiner  apllled  the  combining  approach  of  a  Multiple  devices  oscillation  Is 
avtalable  especially  for  the  purpose  of  combining  solid-state  sources  such  as  Ounn  and  Impatt  diodes.  This  powar  combin¬ 
er  can  offer  an  attranctlve  approach  to  overcame  limitations  of  conventional  waveguide  power  combiners  in  power  output 
efficiency  and  number  of  sourecs  that  may  be  combined  in  the  mUlimter-wave  region. 
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Abstract 

Very  efficient  power  combining  of  solid-state  Millimeter  wave  sources  may  be  obtained  through  3-mlrror  guasl-optl- 
cal  rcionatort  and  source  arrayi.  The  location  and  configuration  of  the  source  array  are  determined  by  CADfCombuter- 
aided  design)  technique.  The  leaulta  above  anablH  one  to  obtain  efficient  tranitor  of  power  to  the  lowest  order  *Oane> 
Sion  wave  beam*  within  3-mlrror  quasi-opHcal  resonator. 

1.  Introduction 

According  to  character  of  field  profll  of  this  axisymmetrlc  quasl-optical  cavity,  a  new  approach  of  power  combining 
of  a  Multiple  devlCM  oscillation  has  proposed  in  the  paper.  The  location  and  eanflguratlon  of  source  array  are  determined 
by  CAD(Combuter-aided  design)  tschnlque. 

2.  Power  Combining  Configuration 

Multiple  source  array  are  plaaed  with  uniform  spacing  nsrar  the  periphery  on  the  axis  center  of  the  Mi-mirror.  Each 
array  may  have  single  or  multiple  device  which  applied  short  post  diode  mouded  streutrue  or  Integrated-circuit  fabrication 
teohnlqurs. 

3.  Theory 

By  means  of  the  scalar  potential  treatment,  the  function  Ui  defined  as  the  eigen  mode  In  the  open  cavity,  Satisfies 
the  following  equation 

+  <1) 

We  can  obtain  an  ortho-normal  spectrum  of  wave-beam  modes  for  the  3-mirror  quasl-optloal  resonator. 

Cm  "2  S  *  SrJ  P«i  ■■  CuOm 


P«  "•  c.,d« 


..•>  cieow 

2j 


(2) 


4.  Computed  Rssulti 

The  theory  developed  above  enables  one  to  determine  the  number  of  current  elements  and  the  current  source  loca¬ 
tions  required  to  obtain  efficient  transfer  of  power  to  the  lowest  order  *Oanulan  wave  beam*  within  the  resonator. 

( 1 )  The  power  of  fundamental  mode 

Results  shows  the  fundamental  mode  power  as  a  function  of  the  source  spacing  Ax  for  different  number  of  sources 
at  the  same  generatrix  on  Mi  mirror. 

(2)  The  fractional  power  of  fundamental  mode 

The  fractional  power  coupled  Into  the  fundamental  mode  for  three  different  array  oonfiguratons  ooutaning  3,5,7  el¬ 
ements  St  the  same  generatrix  on  the  mirror  M,  is  obtained. 

6.  Experiments  and  conclusions 

We  utilised  four  source  line-array  which  axlsymmetriclly  plasad  with  uniform  spacing  near  the  periphery  on  the  ax¬ 
is  center  of  the  M,  mirror.  Bach  array  has  single  Ounn  device  which  applied  short  post  diode  mouded  structour.  The  oper¬ 
ation  of  the  combiners  Is  stable  and  neither  spurious  osculations  nor  jump  phenomena  are  observed  during  the  experi¬ 
ment. 

With  the  computer  calculaUng  results,  the  curves  of  fundamenteal  mode  combining  power  and  fractional  power  to 
active  souces  number, location  and  configuration  are  drawn.  It  is  show  that  very  effielent  power  combining  of  solid-state 
mUllmenter  wave  sources  may  be  obulned  through  3-mirror  quasl-optical  resonatar  and  sources  array. 
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ABSTRACT 

We  have  developed  electronic  olrouita  that  generate  and  detect  subpicosecond  shock-waves.  We  have  used  these  circuits  with 
integrated  antennas  in  a  system  capable  of  free  space  spectroscopy  with  greater  than  10  dB  foreground  to  background 
radiation  from  6.4  OHz  to  1  THz.  This  system  was  used  to  chanoterlze  a  submillimeter  wave  Alter.  In  particular,  2S0-375 
QHz  measurements  are  demonstrated  with  2  dB  accuracy  over  a  20  dB  dynamic  range. 

INTEQDUCTIQN 

In  the  study  and  application  of  picosecond  electromagnetic  pulse  propagation,  generadon  and  detection  of  these  pulses  is 
usually  done  with  ultrashort  optical  pulses  driving  photoconduotive  switches  which  are  lised  both  as  transient  generators  and 
samplers.  These  systems  have  been  applied  to  problems  in  THz  spectroscopy.  Fourier  analysis  of  the  detected  pulses,  with 
and  without  a  test  sample  in  the  beam  path,  yields  the  magnitude  and  phase  of  the  transmission  of  the  sample  as  a  function  of 
frequency. 

In  contrast  to  this  hybrid  optioal/electronlc  approach,  we  have  developed  an  all-electronic  system  using  monolithic  nonlinear 
transmission  lines  (NLTLs)  as  voltage  step  generators  for  both  generating  picosecond  pulses  and  driving  monolithioally 
integrated  diode  samplers  for  detection  of  these  pulses.’  Advantages  of  this  approach  lie  in  its  relative  simplicity  and 
robustness,  as  well  as  its  -lOOx  greater  pulae  repetition  rate.  The  system  can  also  be  used  at  cryogenic  temperatures  where 
enhanced  performance  la  possible.  Recently,  similar  all-electronic  systems  have  been  applied  to  THz  spectroscopy,  but  have 
been  limited  to  frequencies  below  250  OHz.^  We  have  used  our  system  to  perform  spectroscopic  measurements  from  250  to 
375  QHz  with  2  dB  correspondence  to  manufrtoturer's  data  over  a  20  dB  dynamic  range.  We  have  also  demotes trated 
measurements  up  to  1  THz. 

NQNUNEAR  TRANSMlSSIQI!j,UWBa 

Nonlinear  transmission  lines  are  synthetic  structures  of  series  inductors  (approximated  by  sections  of  high- impedance 
transmission  line)  with  varactor  diodes  periodically  placed  as  shunt  elements.  On  this  structure  a  voltage  shock-wave 
develops  from  a  slnusoldaUaput  because  the  propagation  velocity  varies  with  the  nonlinear  capacitance-voltage  relationship 
of  the  diodes,  ■■  \f^LC,„,{V),  where  L  is  the  inductonco  and  C,g,(y)  the  sum  of  the  varactor  and  parasitic  oapaaitufifijof 
the  tine,  all  per  unit  length.  Limitations  of  the  NLTL  arise  from  its  periodic  cutoff  frequency,  ■  2/ {V) , 
waveguide  dispersion,  interconnect  metallization  losses,  and  diode  resistive  losses. 

AfgUCAI10m.IQ.mBB,aPACeTEANSMlSSIQM,, SYSTEM 

We  have  applied  the  ultrafast  pulse  generating  capability  of  the  NLTL  to  drive  antennas  and  a  sampler  in  a  coherent,  all- 
electronic  free-space  signal  generation  system.  We  used  Integrated  magnetic  dipole  (slot)  antennu  measuring  5  Hm  wide  and 
190  |im  long,  resonant  at  -330  OHz.  We  also  used  high  resistivity  silicon  hyper-hemispheres  to  collect  and  focus  the  quasi- 
optical  beam.  The  distance  between  the  system  generator  and  detector  is  48  cm. 

To  perform  a  free  space  spectroscopic  measurement,  a  submillimeter  wave  Alter  under  test  is  placed  In  the  THz  beam.  By 
taking  the  ratio  of  the  detected  signal  spectrum  with  and  without  the  Alter  in  place,  the  transmission  of  the  Alter  as  a  function 
of  frequency  can  be  obtained.  Because  the  system  detects  voltage,  not  power,  both  the  magnitude  and  phase  of  the 
transmission  can  theoretically  be  obtained. 

In  this  experiment,  the  Alter  under  tost  was  a  multiple  bandpass  Alter.  Because  the  Alter  had  a  diameter  of  2  cm,  it  was 
placed  close  to  the  generator,  where  the  beam  diameter  is  smallest.  The  manufrteturer^  had  used  a  backward-wave  oscillator 
spectrometer  to  characterize  the  magnitude  of  the  Alter  transmission  magnitude  from  235  to  390  QHz.  Passbands  were 
measured  by  the  manufacturer  to  be  centered  around  279  and  348  OHz. 

A  comparison  of  this  measurement  to  ours  is  shown  in  Figure  I.  Our  data  corresponds  within  2  dB  over  a  20  dB  dynamic 
range  from  -7  to  -27  dB  tronsmlttance.  Below  -27  dB  transmittance,  our  system  was  not  capable  of  reproducing  the 
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manufacturer's  data  due  primarily  to  the  limited  broadband  power  output  of  our  system,  A  straightforward  way  to  improve 
this  is  to  use  broadband  antennas,  currently  under  development.  The  magnetic  dipoles  currently  used  are  resonant  antennas. 
These  have  a  radiation  resistance  which  is  a  strong  (Unction  of  h-equency,  A  second  way  to  improve  the  dynamic  range  of  the 
system  would  be  to  reduce  the  effects  of  phase  noise  on  the  measurement  by  using  better  synthesizers.  Alternatively,  the 
intermediate  frequency  could  be  increased  so  that  the  downconverted  harmonics  are  spaced  fUrther  apart  in  frequency  and  are 
less  susceptible  to  the  phase  noise  of  adjacent  harmonics, 


Figures  I  and  2.  Manufheturer's  tronsmisslon  data  and  measured  transmission  data  for  a  submllllmeter>wave  filter, 

Figure  2  shows  data  fVom  a  measurement  that  spans  the  freauenoy  range  from  6,4  QHz  to  I  THz,  Here  we  plot  separately  the 
foreground  (detected  signal  with  no  filter  in  place),  the  radiation  with  the  filter  in  place,  and  the  background  (detected  signal 
with  beam  blocked),  The  dark  truce,  which  represents  the  Alter  measurement,  shows  clearly  visible  transmission  peaks  out  to 
1  THz.  This  periodic  repetition  of  the  eignal  peaks  veriAos  that  the  Alter  is  indeed  an  etalon,  and  not  a  simple  bandpass  Alter, 
If  signal-to-noise  ratio  is  calculated  as  the  ratio  of  foreground  signal  to  background  signal,  the  signal*to>noise  is  seen  to  be  at 
least  20  dB  over  the  entire  frequency  range  from  6,4  OHz  to  1  THz.  A  more  conservative  estimate,  which  accounts  for  the 
effects  of  phase  noise  between  the  two  synthesizers,  is  the  ratio  of  detected  passband  to  stopband  in  the  "Alter"  signal.  This 
gives  at  least  10  dB  over  the  entire  frequency  range. 


CQNcmsiori 

We  have  developed  an  all-electronic  system  capable  of  free  space  spectroscopy  with  greater  than  20  dB  signal  to  noise  tVom 
6,4  to  373  OHz  and  greater  then  10  dB  signal  to  noise  over  the  AjII  range  from  6.4  OHz  to  1  THz,  An  improved  antenna 
design  and  microwave  source  should  result  in  even  better  performance,  making  this  system  a  compact,  useful  spectroscopic 
tool. 
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Nonlinear  Optics 
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A  brief  review  is  given  of  some  recent  rf-linac  pumped  fiee  election  laser  experiments  on  two>photon 
absorption  (TPA)  in  semiconductors,  conducted  in  collaboration  with  the  CUO  group  at  Oreay,  and 
saturation  subband  spectroscopy  in  (3aAs  quantum  structures  with  the  Delft  and  FELIX  groups  at  the 
FOM'lhsdtute  forPlasmaphysics  R(jnhuizen. 

TPA  in  the  narrow  gap  semiconductors  InAs  and  InSb  has  been  measured  for  the  first  time  over  a 
broad  spectral  range  •  from  one>photon  to  two-photon  threshold  (Eq  to  Eo/2)  -  utilizing  the  mid- 
infrared  tunability  of  CLIO.  Previously  [1]  an  assumption  had  to  be  made  concerning  the  lifetime  of  the 
excited  carriers  in  order  to  inteipret  the  results  within  the  time  structure  of  the  exciting  PEL.  We  have 
now  made  a  direct  measurement  of  the  lifetime  of  two-photon-induced  free  holes  in  InAs  using  an 
excite-probe  technique,  llie  lifetime  was  determined  by  measuring  the  transmission  of  an  adljustable 
delayed  weak  picosecond  probe  pulse  following  an  intense  picosecond  pump  pulse  from  CLIO.  Results 
show  good  agreement  with  the  exppnendal  behaviour  expected,  and  lifetimes  of  between  2.Sns  and 
10ns  were  measured  consistent  vrith  Auger  scattering.  Strong  power  limiting  was  observed  at 
wavelengths  between  Eq  and  E<y2,  which  yielded  the  two-photon  absorption  coefficient  over  the 
entire  range  by  fitting  a  simple  theoretical  nxxlel.  The  results  are  consistent  with  a  model  for  the  two- 
photon  transition  probabUity  incorporating  the  nonparabolic  band  structure  for  narrow  gap 
semiconductors. 

FELIX  has  been  used  to  measure  the  nonlinear  intersubband  absorption  in  OaAa/AlOaAs  multiple 
quantum  wells.  The  OaAs  wells  are  270  angstroms  wide,  leading  to  a  subbaiid  separation  of  18  meV. 
At  this  photon  energy  the  PEL  is  the  only  tunable  high-intensity  radiation  source  available.  The 
samples  were  prepared  with  a  metallic  grating  on  the  top  surface,  which  enables  coupling  of  the 
radiation  to  the  subband  transition  in  a  nonnal  incidence  geometry.  Complete  bleaching  of  the 
absorption  is  achieved  at  an  intensity  I  ■>  lOOkW/cm^.  The  intensity-dependent  absorption  is  fitted  with 
a  homogeneously  broadened  two-level  system,  leading  to  a  saturadon  intensity  of  Ig  ■  lOkW/cm^,  and 
a  population  lifetime,  Tj,  of  Ips.  This  is  shorter  than  the  pulse  length  of  the  laser  micro-pulse  (K^s), 
which  justifies  the  steady-state  analysis. 

In  the  strong  saturation  regime  (I-lMW/cm^)  the  Rabi  finquency  is  already  larger  than  the  inverse 
coherent  time,  T2.  This  opens  up  the  possibility  of  obser^g  coherent  nonlinear  effects  in  fiiture 
experiments. 

[1]  H-W  and  CLIO.  Optical  Materials  2. 89  (1993). 
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Quasi-optical  devices  for  submillimeter  techinique 
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Vavilov  str.,  38,  117042  Moscow,  Russia 


The  devices  considered  in  this  report  may  be  usable  in  laser  and  spectroscopic  techiniquea  of  submiliimeter  and 
FIR  frequency  range. 

1  Polarizing  two~beam  interferometers 

Polarizing  two-beam  interferometers  are  used  in  two  modes  —  a)  interferogram  mode  7  s  /q  cos^  ^  and  b) 
antiinterferogram  mode  7  ts  7osin^  where  A  is  an  optical  path  difference.  These  interferometers  allow  to 
create  effective  filters  for  odd  and/or  even  harmonies  supression.  Supression  level  in  a  single  interferometer  depends 
on  polaroids  quality  and  in  optimal  case  is  larger  than  30  dB. 


Ftg.l  Compact  polarizing  interferometer.  Arrows  show  beam  polarization.  Hatched  circles  represent  wire  grids  directions. 

To  increase  the  supression  level  one  can  connect  several  interferometers  consequently  (see  Fig. 2).  The  scheme 
of  the  interferometer  with  wire  grid  beamsplitter  mounted  just  before  the  mirror  is  the  most  compact  [Ij. 


Fig. 2  Calculated  transmissivity  of  3-interferometer  fitter  for  the  a-nd  and  the  3-rd  harmonics  supression.  Parameters  are; 
Ai  =  A3  =  0.106cm,  A]  =  0.06cm. 
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2  Fabry-Perot  interferometer  (FPl) 

The  posslbilitiea  of  developing  the  tunable  duplex  and  triplex  filters  are  investigated  in  [2].  Authors  investigated 
FPI  filters  with  partially  crossed  polarising  mirrors  of  different  types.  Also  possibilities  of  using  dielectric  FFI  and 
systems  on  their  base  as  non-tunable  filters  have  been  considered. 


Fig.3  Oalcuiated  maximal  and  minimal  translMlvlties  of  FPI  depending  on  mirror  reflection.  Absorption  eoefflcient  of  mirrors 
is  0.01, 
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ABSTRACT 

A  pulse  modulator ,  for  driving  Kq  band  INff  ATT  diodes  is  described  ,  which  enables  chirp  control 
and  optimization  of  oscillator  performance  via  current  pulse  shaping  .Peak  powers  in  excess  of  20Walts  have 
been  achieved ,  with  a  pulse  duration  of  2S0ns  and  0.1%  duty  cycle. 

1.QVBRYIBW  OT  PBSIQW,  mCBPT 

The  development  of  a  pulse  modulator  for  a  bond  IMPATT  oscillator  Is  described  without  detailed 
reference  to  the  waveguide  test  cavity  that  constitutes  the  modulator  load  .In  practice  the  development  of  both 
components  is  closely  interrelated  .Emntial  considonitions  for  satisfhetory  overall  source  design  arei 

(a) .Blectrlcally  rugged  modulator  design  to  withstand  high  peak  currents. 

(b) .Oood  impulse  power  match  between  driver  and  envity  to  ensure  single  mode  operation. 

(ci.Past  current  rise  for  rapid  thermal  stabilization  of  diode. 

(d).BIecironic  compensation  for  thennnlly  induced  chirp. 

(o).Current  limit  protection  for  the  costly  IMPATT  diode  and  short  circuit  protection  for  the  modulator. 


A  power  MOSPBT  device  rather  than  a  bipolar  transistor  was  used  os  the  IMPATT  driver  for  the 
following  reasons: 

(a) .Robust,  high  power,  high  speed  switching  capability. 

(b) .No  thermal  runaway  problems. 

(c) .Low  cost  in  comparison  to  an  equivalent  bipolar  device. 


A  transient  voltage  suppressor  diode  type  P6KB.19A,  supplied  by  SOS>Thompson  Microelectronics, 
was  used  as  a  dummy  load  for  the  initial  testing  of  the  modulator  .The  R.P,  system  performance  analysts  was 
then  evaluated  with  DC  1 1 S2  and  DX 1298  IMPATT  diodes,  manufactured  at  O.E.C.  Plessey,  Lincoln  Latoratory. 


Pig.' 1. The  IMPATT  pulser  system  and  output  current  modulator  circuit. 


2XLL.J?,LMmBBAIQR 

The  NES55  timer  chip  was  used  to  set  a  4KHz  repetition  frequency  .The  pulse  duration  was  established 
by  triggering  a  74HCT123  monostable  ,  selected  because  of  Its  high  speed  operation  .An  emitter  follower  stage 
was  then  used  to  match  the  T.T.L,  output  to  the  pulse  amplifier. 
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3.V0LTAQE  PULSE  AMPLIFIER 

A  cascodc  transistor  pair  was  used  in  the  input  stage  of  the  amplifier  and  power  MOSPETs  in 
subsequent  suiges  to  effect  the  required  voltage  translation  ,  Transition  times  of  lOlSns  were  maintained  by 
operating  the  MOSPETs  in  their  non-llnenr  switching  mixlc  .The  output  voltage  pulse  from  the  circuit  was 
continuously  variable  over  the  range  O-ISOV, 

4.CURRBNTM0PULiMgR 

Voliage>to>curroni  conversion  was  achieved  using  an  IRP530  power  MOSPET.  Selection  criteria  for 
the  device  were  ilow  roifON)  <30,  iow  Ciss  <80flpF,  high  i  lOOV  and  pulsed  current  capability  le  20A 
.The  common  drain  conflguration  was  used  to  eliminate  Miller  effect  capacitance  .This  arrangement  resulted  in 
a  floating  source  potential  which  necessitated  the  use  of  a  D.C.  isolating  transformer  for  the  provision  of  gate^to* 
source  drive.The  transformer  was  constructed  from  a  Siemens  B64290K61SX830  SIPERRIT,  broadband,  high 
permeability,  toroidal  core  blfilar  wound  with  18  turns  of  2S8.W.8.  enamelled  copper  wlro.Vaiiation  in  pulse  top 
gradient  was  achieved  by  a  parallel  RC  network  between  gate  and  transformer  secondary  and  amplitude  control 
by  VRI  in  the  primary  circuit,  (see  fig.l). 

Transition  times  of  12A/S0n8  and  pulse  top  gradient  variation  from  OA/200n8  to  8A/2(X)n8  have  been 
attained  with  this  circuit  topology, 


■^PROTECTION  CIRCUITRY 

Conditions  of  the  diode  short  circuit  and  drive  currents  that  exceed  a  presetable  limit  are  detected  by 
comparators  which  disable  the  pulse  generator  until  the  system  is  reset  .Open  circuit  protection  of  the  modulator 
is  unnecessary  because  of  the  high  breakdown  voltage  of  the  output  MOSPET. 

6>QSClLLATgRraRF0RMANCB 

Typical  oscillator  R.P.  and  current  pulse  profiles  are  Illustrated  by  the  photograph  in  flg.2.  These  were 
obtained  with  the  following  modulator  and  source  conditions :  8A/S0ns  rise  time,  12A/2Sns  fall  time,  12A  peak 
current,  4A/200ns  pulse  top  gradient,  34Watt8  peak  R,P.  power,  32.70Hz  centre  frequency,  SOMHz  chirp 
bandwldth.The  Importance  of  the  current  pulse  profile  adjustability  in  chirp  compensation  is  highlighted  in  flg,3, 
in  which  typical  experimental  data  has  been  displayed  on  representative  current  pulse  curves. 


R.P. 

Current. 


30ns/divlslon 


Pig.2  Oscillator  R.P,  and  current  profiles.  Fig3  Ilustratlon  of  typical  chirp  compensation  data. 

This  research  was  supported  by  R.S.R.E.  Malvern  .The  authors  wish  to  thank  Mervyn  Hobden, 
O.E.C.  PIcssoy  Semiconductors  and  Leon  Elti.son,  Royal  Holloway  College,  for  their  helpful  discussions 
throughout  the  course  of  the  work. 
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Microwave  Spectrometers  fur  the  Investigation  of  fast  Processes  in  the  Time  Domain 

Brailovsky  A.B.,  Khodos  V.V.,  Vaks  V.L.,  Panin  A.N.,  Pripolzin  S.J.,  Wolf  F. 

Analytik  &  Meiitechnik  GmbH  Chemnitz, 

Stollberger  Str.  4a,  D-09119  Chemnitz,  Germany 


By  means  of  microwave  gas  spectroscopy  it  is  possible  to  obtain  information  about  many  properties  of 
the  molecules  under  investigation  as  there  are  information  about  chemical  composition  of  molecules 
(Including  exchange  of  isotopes),  structural  (geometric)  parameters  of  molecules,  their  electrical  and 
magnetic  properties  but  also  information  about  intra*  and  Intermolecular  Interactions. 

Over  the  last  decades  the  significant  improvement  of  nun-stationary  microwave  spectroscopy  had  an 
increasingly  strong  Impact  on  the  realisation  of  a  new  type  of  spectrometers  with  a  sensitivity  near  the 
theoretical  limit  and  a  resolution  of  the  order  of  the  Doppler  width  of  a  absorption  line  [IJ.  However, 
the  disadvantage  of  these  spectrometers  is,  that  they  are  not  fast  enough  to  track  high  speed  processes 
which  occur  for  instance  in  chemical  gas  phase  reactions. 


Therefore  it  had  become  necessary  to  develop  a  method  capable  to  obtain  chemical  and  physical 
parameters  from  the  observed  matter  in  very  short  time  intervals.  The  influence  of  the  measuring 
process  should  be  kept  as  small  as  possible  in  order  to  cause  no  distortions  of  the  molecules  undergoing 
reactions  of  interest. 

The  new  developed  microwave  Puurier-transform  spectrometer  applies  a  broad  band  excitation  signal  to 
the  gas  and  subsequently  the  spectrum  of  the  re-emitted  spontaneous  radiation  is  analysed.  The  fast 
registration  unit  allows  to  detect  simultaneous  the  signals  in  a  frequency  range  2  to  3  times  as  large  as 
the  width  of  an  absorption  line.  This  gives  the  opportunity  of  observing  the  kinetics  of  fast  processes. 
The  high  sampling  rate  and  the  large  information  content  (curve  shape  of  an  absorption  line)  obtained 
from  each  single  shot,  permits  of  Investigation  of  the  time  dependency  of  the  concentration  of  transition 
and  final  products  of  fast  chemical  reactions.  It  is  possible  to  conduct  in-situ  experiments  in  low 
pressure  environments  without  mentionable  distortion  of  observed  processes. 

List  of  some  important  parameters  of  the  microwave  FT-spectrometer: 


•  Frequency  range  (using  interchangeable  MW- 
generator  blocks); 

•  Lowest  detectable  absorption  coefficient  (Path 
length  in  the  absorption  cell  1  meter): 

•  Desired  time  for  one  signal  caption  process: 

•  Pressure  range; 


37.7-178.  IGHz 


10"7cm*l 

lO-is 

10-1.  .  .  lOPa 


Literature; 

[1]  V.L.  Vaks,  lUlh  Colloquium  on  High  Resolution  Molecular  Spectroscopy,  D(jon,  14-18  Sept. 
(1987). 
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A  Frequency*stabilised  microwave  generator  for  investigations  of  absorption  lines  of  water 

Vaks  V.L..  Pripolsin  S.J. 

Anaiytik  &  MeQtechnik  OmbH  Chemnitz, 

Stollberger  Str.  4a,  D*09119  Chemnitz,  Germany 

Backward  Wave  Oscillators  (BWO)  are  frequently  used  as  sources  of  mm*  and  sub*mm*wavelength 
radiation  In  microwave  spectroscopy.  They  can  easily  be  tuned  to  frequency  in  a  broad  frequency 
band.  However,  an  oscillator  without  any  stabilisation  unit  has  a  relatively  broad  spectrum  and  the  long 
term  stability  is  bad  as  well. 

Up  to  now  there  have  been  three  main  methods  to  improve  the  stability  of  the  frequency; 

•  Application  of  a  highly  stable  low  noise  frequency  generator, 

•  Using  a  PLL,  multiplexers  and  mixers  to  lock  the  BHF  generator  to  a  highly  stable  NF  generator, 

•  Stabilisation  and  synchronisation  of  the  EHF  source  uidng  an  external  resonator. 

The  first  method  is  difficult  and  the  result  is  not  as  good  as  one  would  expect.  The  second  method 
results  in  an  excellent  stabilisation,  however  one  has  to  deal  with  a  very  complex  system.  The  third 
method  is  baaed  on  external  resonators  and  so  the  long  tenn  stability  can  not  be  guaranteed. 

The  matter  of  this  paper  is  a  system  suitable  to  frequency  stabilisation.  It  realises  the  generation  of  a 
signal  at  a  fixed  frequency  which  is  given  by  a  strong  absorption  line  (e.g.  a  line  from  H2O).  The 
frequency  stabilisation  around  the  centre  frequency  is  realised  (capture  range). 

The  fixed  frequency  stabilisation  is  performed  by  means  of  a  reference  gas  absorption  cell  which 
already  contains  the  gas  of  interest.  The  BWO  is  low  frequency  modulated  so  that  it  emits  a  broad  band 
signal.  The  resulting  output  signal  of  the  BWO  is  divided  by  a  directional  coupler.  A  small  part  of  the 
radiation  is  taken  away  and  subsequently  guided  into  the  reference  cell.  (The  second  part  is  available 
for  an  external  application).  After  detecting  and  processing,  this  signal  contains  the  deviation  of  the 
absorption  line  so  that  the  centre  frequency  of  the  peak  is  accessible.  Via  correction  filters  and 
amplifiers  a  correction  signal  for  the  BWO  is  generated. 

The  whole  microwave  source  consists  of  four  main  components:  BWO,  voltage  supply,  stabilisation 
system  and  reference  gas  absorption  cell.  The  gas  cell  is  a  tube  made  of  quartz  with  Brewster  windows. 
If  the  gas  is  long  term  stable,  the  reference  cell  can  be  used  for  several  years. 

The  resulting  long  term  instability  is  of  the  order  of  10’^  (Explicitly  measured  for  a  base  frequency  of 
133.00Hz:  registration  time:  3h,  the  frequency  drift  for  these  3h  was  less  than  2S0Hz).  The  lowest 
detectable  absorption  coefficient  under  these  conditions  was  10‘^cm*^.  The  measurements  have  been 
conducted  under  laboratory  conditions. 

A  similar  device  has  been  developed  for  the  380,19730Hz  absorption  line  of  water.  For  technical 
reasons  the  parameters  were  not  explicitly  measured. 

The  developed  generators  can  be  applied  as  highly  stable  superheterodyn  receivers  in  radiometry,  as 
reference  generators  for  meteorology  and  as  radiation  source  in  microwave  spectroscopy. 
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QumMi-optioml  method  for  moimturm  memmurmmmuta 
of  gmmem 

A.A.Vttrtljr  and  8. Pt Gavrilov 

Inatituta  of  Rmdiophyaica  and  Eleotronioa, 

Academy  of  Sciencea  of  Ukraine, 

12  Aoad , Proakura  at,,  Kharkov 
310085  Ukraina 
Phone  (0572)  448-467 
Fax  {0572)  441-105 

ABSIHACI 

In  thin  papar  wa  aufgaat  to  uaa  quaai-optloal  raaonator  with 
dlalaotrio  inclualon  for  molatura  naaauranants  of  gaaaa.  This  aathod 
anployaa  tha  alaotromagnatlo  fraquanoy  in  tha  ranga  of  36  to  160  QHa* 
Tha  main  idaa  of  tha  approach  la  a  raglatratlon  of  nomant  of  daw  point 
or  phaaa  tranaitlona  on  cooling  dlalactrlo  alamant  of  tha  raaonator 
ualng  tha  changaa  of  raaonator  oharaotariatloa.  Tha  raaulta  of  molatura 
maaauramanta  of  air  at  atmoaphario  praaaura  ualng  a  barral-ahapad 
raaonator  with  a  dlalaotrio  bar  ara  glvan»  It  la  ahown  that  auoh 
alaotrodynamloal  atruoturaa  allow  to  raglatrata  tha  daw  point  and  phaaa 
tranaitlona  aa  "watar-loa"  and  "ica-watar**  at  cooling  dlalaotrio  bar  by 
Paltlar  alamant «  Tha  axparlmanta  wara  carrlad  out  at  fraquanolaa 
fotl36  QHa. 

a . INVBSTIQATIQW  RBSULTS 

Molatura  li  ona  of  tha  moat  Important  taohnologloal  gaa  paramatara 
to  ba  oontrollad*  Tha  known  mathoda  ara  baaad  on  application  of  wavaa  of 
optical  or  radlofraquanoy  ranga*  Kadiofraquanoy  mathoda  ara  uaually  uaad 
in  molatura  maaauramanta  of  aolld  and  frlabla  matarlala  and  thair 
aanaltlvlty  la  not  aufflolant*  Optical  molatura  maaaurlng  davloaa  ara 
rathar  oomplax  and  axpanalva  and  thay  can  not  employ  undar  raal 
production  conditional  So  tha  Important  aoiantlflo  and  anglnaarlng 
probiam  la  a  davalopmant  of  naw  mathoda  allowing  to  perform  a  control  of 
gaa  molatura  maaauramant  undar  oomplax  production  conditional  Tha 
proapactiva  mathoda  for  thaaa  purpoaa  ara  tha  quaai-optloal  onaa 
amploying  tha  alaotromagnatlo  fraquanolaa  In  tha  ranga  of  36  to  160  GHbi 
For  auooaaaful  application  of  thaaa  mathoda  it  la  naoaaaary  to 
davalop  axparlmental  and  theoratical  approaohea  for  atudlng  of 

alaotrodynamloal  prooaaaaa  in  quaai-optloal  davloaa • 

In  the  praaant  papar  wa  auggaat  to  uaa  a  quaai-optloal  raaonator  with 
a  apharloal  cuvatta  aa  a  molatura  aanaor*  Tha  main  Idaa  of  thla  approach 
la  a  raglatratlon  of  tha  moment  of  daw  point  on  tha  quaai-optloal 
alamanta  of  tha  raaonator*  Taking  into  account  that  tha  fraquanolaa 
ohoaan  (36-160QHk)  are  aufflciently  aanaltlva  to  medium  molatura 
changing  and  a  quality  factor  of  tha  raaonator  la  rathar  high  a  high 
aanaltlvlty  of  tha  molatura  maaaurlng  davioa  la  Juat  what  to  ba 
axpaotedi  Such  quaai-optloal  daw  point  method  may  ba  uaad  for  analyaing 
of  gaa  oomponanta  If  daw  polnta  of  oomponanta  arc  obaarvad  whan  gaa 
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mixture  temperature  is  changing.  In  the  case  of  nature  gas  the  method 
may  allow  to  measure  moisture  and  hydrocarbon  composition.  For  this 
purpose  the  following  scientific  problems  are  to  be  solved: 

1.  Calculation  of  spherical  characteristics  of  quaai'-optlcal  resonator 
perturbed  by  dew. 

2.  Development  of  quasl-optlcal  methods  of  measurement  of 
electromagnetic  fields  and  spectrums  of  the  quasl-optical  resonators. 

3.  Creation  of  experimental  model  of  "resonanoo  quasi-optlcal  dew  point 
spectrometer"  (RQDPS)  for  moisture  and  component  structures  of  gas 
mixture . 

4.  Creation  of  microprocessor  device  and  a  system  of  quasl-optlcal 
signal  processing. 

We  have  investigated  experimentally  the  quasl-optical  the  resonant  cell 
for  air  moisture  measurements  at  atmospheric  pressure  and  room 
temperature  (t  ^  21^  C).  The  resonant  cell  is  designed  on  the  base  of 
quasl-optical  barrel-shaped  resonator.  Inside  the  resonator  a  dielectric 
bar  (sapphire)  is  located  coaxially  and  it  is  cooling  by  Peltier 
element.  The  resonator's  diameter  is  d  9Jio(  Jloe2 » 2fflm)  and  the  bar's  one 
is  d  <\/2t  correspongly .  The  resonator  is  connected  with  a  wavegulding 
line  by  slots  in  its  side  surface.  The  transfer  constant  T  of  the 
resonator  is  measured  in  dependence  on  the  dielectric  bar  temperature  t. 
Condensation  of  water  steams  on  the  bar  surfaoe  and  phase  transitions 
"water-ice"  and  "ice-water"  (when  heating)  are  studied  at  the  rate  of 
bar  temperature  changing  by 


t/seo  0|35  /sec. 

When  water  steams  condensatlng  the  transfer  constant  T  la  decreasing 
monotonically  by/kTe>12  X.  In  the  transient  area  (teO^C)  T  increases  fast 
(during  4t  o'0 1 6*C )  byATs  7%,  and  with  grouth  of  ice  thickness  it  decrea¬ 
ses  slowly.  The  Flg.l  shows  measured  dependences  of  transfer  coefficient 
T  of  the  resonator  on  temperature  t  of  dielectric  bar.  Dashed  line 


-20  -to  O  to  20  V'C 


Fig. 1 .Dependence  of  T  on  temperature  t. 


Thus  t  the  results  obtained  will  be  the  base  for  creating  of  new 
class  of  quasl-optioal  spectrometers  (dew  point  spectrometers)  and  they 
will  find  the  application  in  echologyi  medicinei  industry  etc. 
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METHOD  m  MEASUREMENT  COMPLETE  SET  FOR 
NON-DESTRUCTIVE  LOCAL  PARAMETER  MICROWAVE 
MEASUREMENTS  OF  MATERIALS 

Dr. SC. ZVYAGINTSEV  A. A..  Dr. sc.  STRIZHACHENKO  A.V. 

University ,  Freedom  Sq . , 4 , 31 0077 , Kliarkov , Ukraine 

Modem  methods  of  measurement  allow  to  determine 
with  a  high  degree  of  axaotneee  dieleotrlos  eleotrlo 
parametere.  However,  the  overwhelming  majority  of 
existing  measuring  Instxnaments  made  on  the  basis  of 
those  methods  are  aotually  destmotlve  measvirlng  means, 
allowing  to  measure  only  Integral  oharaoterlstlos  of 
materials.  Modem  teohnologioal  prooess  dematids  a 
basloally  new  approach  to  tMs  pmblemsi  manufacturing 
new  high  Q  and  highly  expensive  materials 
(leuoosapphlres ,  artlflolal  rublns,  a  number  of  ferrite 
marks,  elio.)  and  also  goods  on  their  basis  (  stripline 
hmmmm  and  mlorowave  integral  aohemes,  dleleotrlo 

waveguides  and  resonators,  eto.)  supposes  materials 
oharaoterlstlos  measiArementa  without  ruining  them.  Vvcm 
this  point  of  view  nondestruotive  methods  of 
measurement  possess  obvious  advantages.  Nevertheless, 
the  existing  non-destx*uotive  measuring  means  mostly 
have  a  not  very  high  exaotness  of  measurement  of 
dleleotrlo  permittivity,  magnetlo  permeability  and 
material  losses  and  also  have  low  aansitivlty  to  their 
ohanges.  On  the  basis  of  our  analysis,  an  automated 
oomplex,  allowing  to  measure  samples  meability  with 
hi^  degree  of  exaotness,  effeotively  and  without 
destruotion  them,  has  been  oonstmoted.  An  original 
part  of  the  oomplex  is  a  measuring  devise  on  the  basis 
of  a  waveguide  Junction  of  oyiindrioal  and  radial 
waveguides.  The  neoessary  oondition  of  nattu:*al  modes 
presence  in  such  a  struoture  is  out-off  of  all 
Jmot ion- forming  waveguides  at  resonant  frequenoles.  In 
such  a  oase  an  eleotromagnetlo  field  of  resonating 
modes  appears  to  be  oonoentrated  in  the  region  of 
waveguide  Junction  and  its  oharaoterlstlos  (resonant 
frequenoy,  Q- factor  )  are  determined  by  the  region 
slses  and  the  parameters  of  that  volume  of  the  sample 
being  tested,  which  Is  to  be  found  in  the 

above-mentioned  region.  The  coupling  of  a  measuring 
resonator  with  the  plumbing  of  the  automatic  V6WR  and 
attenvution  meter  (a  measuring  oomplex  block-diagram  is 
shown  In  Tig.1)  is  aohievod  by  waveguide- to-ooaxlal 
adapters  ending  in  excitation  elements  and  a  waveguide 
channels  selector.  A  test  sample  of  flat  form  and 
arbitrary  configuration  in  the  perimeter  (a  substrate, 
a  disk,  eto.)  is  fixed  on  a  frame  with  divisions  on  It. 
The  frame  Is  moved  on  the  guides,  so  that  the  sample 
part  suooessively  get  Into  each  resonant  region. 

After  a  measuring  section  le  made,  there  Is  no  nsed 
In  special  turning  of  any  kind.  The  Integration  of  a 
frequenoy  meter  and  personal  computer,  allowing  to 
Introduce  data  from  the  freouenoy  meter  direotly  in  the 
process  of  measurements,  allows  to  sssentlslly  improve 
the  effectiveness  of  measurements.  The  measuring 
complex  Inoludes  PO  AT  886/287,  due  to  whioh  the 
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4ima  of  ono  l  »  |i  onA  kgli  mooBumeman^  «i4h  4ha 
•zrEK>p  of  not  tnoj:«a  thim  0,59t  (6»M.)  and  3%  (t^)*  1b 

5^10  BBO.  Sha  BymmatrioBl  moaa  and 

non-aymma  trloal 

HBm  (  tha  Indloaa  Indloata  to  tha  numbaz*  of  flald 
variatlonB  with  raapaot  to  tha  oyllndrloal  ooordlnataa 
(D,  r,  z,  oorpaapondln^ly  )  ona»  *'  non-radlatln^jp  "  fop 
tha  ^(lvan  davloa  (  aB  ahown  In  thla  wopk  }  hava  baan 
ohoaan  aa  the  tnaaaupln^  aeotlon  modaa  of  opopatlon. 

OONOLUSION 

1 .  In  empty  oyllndrloal  waveguide  junotlone  there 
la  an  except lonally  papa  apeotpum  of  natural  modaa i  out 
of  tha  axlally-aymmatploal  H-typa  modaa  the  H  and  K 
modaa  ara  natupali  tha  only  poaalble  mode  In  tha  olaaa 
of  non-aymma trloal  onaa  la  tha  moda  of  HS  type.  Tha 
apaotrum  of  natural  modaa  la  aaaantlally  wldanad  when 
the  atruoture  la  killed  with  aoma  aubatanoe. 

2.  The  teohnlqua  of  materlala  eleotz«omagnetlo 
oharaoterlatloB  maaaupamenta  haa  been  auggaated.  Tha 
teohnlqua,  whloh  la  alinple  and  of  non-deatruotlye 
oharaotap,  allowa  toi 

-  maaaure  dleleotrloa  and  magnatodlelaotrloa  local 
paramatarai 

-  determine  tha  dlreotlona  of  alllpaold  axla  of 
dlalaotrlo  permittivity  of  unlaxla  anlaotroplo  oryatalai 

-  control  p]?opertlea  anlaotropy  of  materlala 
dlalaotrlo  permittivity. 

3.  On  tha  baala  of  theoretloal  and  axparlmental 
analyala  a  device  daalgn  for  dleleotrloa  and  fez«pltea 
looal  parametara  non'-daatruotlve  meaaurement  haa  been 
developed.  The  device  la  oharaoterlaad  byi 

a)  for  aymme trloal  modaa i 

-  high  aanaltlvlty  to  6,  u  (700-600  MHa/unlt  fiu, 
ohangea ) i 

-  amall  error  In  meaauremanta  of  dleleotrloa 

permittivity  and  magnetic  permeability  In  a  wide  range 
of  6U  (  0.5  X  )  ohanglngi 

b)  for  non-aymmetrloal  mode  }i 

-  high  aenaltlvlty  to  teat  material  eleoti^lo 
propertlea  anlaotropy; 

-  the  ability  to  defect  looal  non-unlformltlaa. 
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FREQUENCY  STABILIZED  MILLIMETER  HAUE  PUI.SED 
IMPATT  OSCILLATORS  IN  AUTO-OSCILLATED  AND 
INJFXTION-LOCKED  MODES  (  DESK^NINQ  AND 
INUESTIAATION  ) 

A.U.  Aurbachtiv.  L.U.  Kasatkin.  U.U.  Nuvoxhllov, 
M.I.  Poiglna 


Research  Institute  "  ORION  ",  Kiev.  Ukraine,  p.o.  252057 


Tlie  scheoes  ^ind  eonstr actions  uL  ■lIlliietHr  wave  fretiucncv  st^iJolli^ed 
pulsed  IMPA'IT  oscillators  In  airiio-osclllatlon  and  Inject  ion-locked  lodes  are 
deterilned.  The  lethods  of  current  and  varactor  coipen!»itlon  of  the  therml 
frequency  unstaLitlltles,  the  Methods  of  st^ibillS(itlon  of  the  diode’s  p-n  jun-* 
ctton  teMperatuT’o,  the  directions  for  the  use  of  stabtilsInB  resonators  are 
considered  theoretically  and  oxiieriaontally.  As  a  result  of  the  use  of  above 
Mentioned  Methods  there  were  designed  frequency  stabilized  pulsed  oscillators 
of  (illz,  operating  ovor  the  oibient  teiperature  froa  -50  to  i50  C  ulbh 
pulse  power  5  ,  10  ,  20  W  iind  frequency  chirp  I  -II  ilz  in  auto-oscillation  Mode 
and  phase  chirp  during  the  pulse  less  tlKin  10-15  In  Inloct ion -locked  lode. 
'riiero  is  achieved  Inject  Inn- locked  bandwidth  over  i0-t5  percent  at  15  dB  g^uie 
In  pulsed  IMPATI'  oscillators. 
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sol.fi)  SIM  (i-«i  Houii  'nmniUEU  wi'ni  pulsho-piilsi: 

.SMIT(:illN(,  OK  OPERATING  l•RKQlj|•NC^^:S  (  INUESTIWION  AND 
i)K;.SIANIN(^  ) 


A.U.  (Miichov.  i..U.  te)tkin»U.A.:kinkuy, 
f .  N .  Hononko .  1 .  U .  /.verghoy^ky 


kttHoarrti  insl.lUito  "  ORION  "  .  Klov,  Ukraino,  p.o, 


'!)ih  d()i;i!)jy()  of  do.<)igr)lnff  Urn  fioltd-iitale  liltlieier  wave  Iran- 

oolyer  (ro  (iiscu<>iin(l.  'Ilu)  IraticHlyer  has  htjnoiH  pnssiblo  on  tho  ImsIs 

of  R  A  0  lil.udlos  of  hliih  -powor'  pulsed  IMFW  diodes  working  In  KHF  bond,  sys- 
LniDfi  of  sinnilng  Iho  IHPA'IT  ouLput^s  <vul  deyelopnent  of  lobhods  allowing  a  consl‘ 
den\l)lo  wldonini!  of  Lhn  Iwnd  of  inject  Ion-locked  oscillators,  high  st.abillty  of 
thoir  porfor-Akince!!  oyer  a  wide  tenperaUre  r«inge  >and  within  the  SilF  -slgrkil  pulse, 
’Ilu)  iiiln  par.'iiotorji  of  the  d(cM(jnod  trancolyor  ,‘iru  following:  frotpiency  range 
;i4  i’Ki  (ill/;  (lutput  pul <50  i»ower  dO  H;  pulse  width  bO- llOOniioc;  duty  cycle  O.b  X  : 

0  sultchliip  froiiuoricios  at  000  Nil/  h«indu1dih  with  liO  100  nsec  switching  tlie; 
rccolyor  sonsllivlty  froi  -:10  to  -100  dBi:  weight  i^.bkg;  yoline  <1,000  cub  cm, 

’FIhj  trancolvoc  can  uporato  ovoi  onvironiontal  toipHratirfi  riuigo  froi  -bO  t(5  >b0 
C.  It  Includes  loUTovfc'Wo  block  and  b1ai5  and  control  block.  'Hie  ilcrowaye  block 
i'oii!)1:5t:i  1)1  thi!  fiium  Uti),  PIN  u|)conyortor,  three  .stage  Injection -locked  pulsed 
IMPtTIT  oMpIlfler,  :i  l-illx  puJ.sed  .and  11. OB  Ui/  (!H  triw^ststor  oscillators  with  die¬ 
lectric  resonator:;,  high  f5poed  PIN  swtUdws,  two  brliwiced  lixors  «uid  two  IK  ai- 
pMl  Ior;;.  Ihort!  .are  twf)  modlflctatlon;;  of  the  traiicftlyer  ^irchitecture  -  for  co- 
tier  enl.  anrl  noncohorenl.  radar's. 
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Surface  layers  and  far  infrared  spectra  of  high-To  superoonduotora 

Xavier  OertMUX,  Annand  I'bclni  and  Masato  Tazawa  (*) 
Laboratoire  Infrarouge  Lointain,  L.M.C.P.I.,  U.R.A.  -  C.N.R.S.  n*  809 
B.P.  239,  F-54506  Vandauvre-lba-Nancy  Cedex  -  France. 

C")  OIRI,  Nagoya,  1,  Hirate  oho,  Nagoya  462  •  Japan. 


It  is  possible  to  increase  slgninoantly  the  aouracy  of  Far  IR  (FIR)  transmission  spectra  of  High-To  superconductors 
by  depositing  a  very  thin  oriented  film  (e,g.  t  ■  300  A),  of  either  YBaCuO  or  QdBaCuO  on  a  very  thin  MgO  plate  (e.g.to  ■ 
90  |Am).  Such  very  thin  illms  of  superconc  .otors  are  very  fragile  and  FIR  transmission  either  at  300  K  or  10  K  increases 
dramatically  after  a  few  weeks.  A  phenomenological  mo(M  is  however  possible  to  explain  all  spectra  at  different 
temperatures  iVom  300  to  10  K  if  we  consider  a  thin  layer  of  insulating  barium  cuprate  (e.g.  OdBaCuOd)  due  to  a  progressive 
loss  of  oxygen, 

More  precisely,  a  very  thin  film  of  OdBaCuO  (t «  300  A),  deposited  on  an  MgO  plate  (to  «  90  |im)  has  given  a 
somewhat  higher  predsion  in  the  FIR  spectra  observed  at  T  ■  300  K,  185  K,  86  K,  and  10  K,  for  a  transition  temperature  To 
■  88  K,  than  in  any  other  previous  measurement.  For  that  sample,  and  within  the  accuracy  of  the  measurements,  plasma 

Bequenoy  Vp  m  ^  *  constant,  Vp  ■  4500  cm* ^  Vq  is  a  linear  Bmction  of  temperature  for  T  >  To  (vo  >  1 .6T 

+  55  cm‘b>  For  T  <  To,  a  law  as  been  used  to  get  the  number  of  quaslpartioles  in  the  superconductive  phase,  and  the 
spectrum  at  T  «  86  K  with  the  additional  assumption  of  a  odiision  frequency  saturating  around  50  cm' We  have  also  to 
Introduce  3  Mid-IR  active  oscillators  at  room  temperature,  and  to  keep  them  in  the  superconductive  phase,  with  a  definite 
Increase  in  their  strengths, 

That  phenomenological  model  oontains  eleven  parameters  only  since  we  have  shown  the  possibility  to  use  simply 
one  pluma  frequency  at  all  temperatures  and  to  adust  only  one  collision  Bequenoy  (the  one  at  very  low  temperatures). 
Moreover  to  explain  transmiision  around  v  ■  10  cm' <  we  have  to  acOust  one  parameter  (do  resistivity  po),  and  in  the  spectral 
range  10  •  50  cm*  ^  we  keep  the  po  value  and  we  have  to  choose  one  plasma  frequency.  Finally  in  the  50  •  200  cm'^  range 
we  use  these  two  parameters  and  we  have  to  fit  the  Lorentz  oscitlatora  (f^requency,  strength  and  diunping), 

We  shall  discuss  some  important  points: 

•  Thai*  law, 

•  Hie  collision  frequency  variations  in  the  superconductive  phase, 

« The  gap  problem, 

•  The  Mid  IR  osdllators  and  their  considerable  strengths. 
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MMUuremento  of  the  Far  Infra  Red  Laaer  Tranamlulon  of  ¥180200307.5  Thin  Fllma 

TP-CBrien,  M.L.McConnell,  P.Oiluggard.  Oi.Sohneider,  W.J.UIau 
Physics  Department,  Trinity  College  Dublin,  Ireland 


The  properties  of  HTSC  materials  in  the  millimeter  aitd  the  submillimeter  region  are  of  great  technological  interest  at 
present.  The  absorptive  losses  are  of  particular  importance  for  potential  applications,  and  the  nature  of  these  losses  can  shed 
light  on  some  of  thu  as  yet  unresolved  issues  pertaining  to  the  mechanisms  of  superconductivity  in  these  materials.  We  report 
measuremeuu  of  the  transmission  of  the  Far  Infra  Red  radiation  through  thin  films  of  Y 1 88200307^  at  a  range  of  frequencies 

from  IS.Scm'*  to  250cm‘^.  The  films  were  produced  using  the  t/t-situ  lasor  ablation/deposition  technique  onto  MgO 
substrates  and  ranged  in  thickness  from  100  to  250nm. 


The  chopped,  continuous  wave  FIR  radiation  was  generated  using  an  optically  pumped  low  pressure  gas  laser 
operating  on  methanol,  formic  acid,  methyl  flouiide  or  dimethyl  ilouride.  The  maximum  CO2  laser  pump  power  was 
approximately  SO  Watts  CW  when  operating  on  the  9P36  transition,  and  FIR  power  from  5  to  120  mW  was  generated 
depending  co  the  lasor  line. 


For  the  U'ansmission  measurements,  the  superconducting  sample  was  mounted  in  a  closed  cycle  He  fridge,  with  two 
FIR  windows.  The  temperature  was  controllable  from  12  K  up  to  room  temperature  with  an  accuracy  of  0.2  K.  The 
transmitted  radiation  was  measured  using  a  Qolay  Cell  Detector  with  a  responsivity  of  lO^V/W.  A  Mylar  beam  splitter 
provided  a  reference  signal  which  was  measured  using  a  pyroelectric  detector.  The  transmissivity  of  the  optical  train  was 
determined  at  each  frequency  without  any  sample  in  the  fridge,  and  was  found  to  be  independent  of  the  fridge  temperature  to 
within  the  accuracy  of  the  measurement.  Absolute  transmission  data  (for  the  film  and  substrate)  obtained  at  room  temperature 
without  the  fridge  could  therefore  be  used  to  scale  the  relative  transmission  measurements  made  as  a  function  of  temperature 
with  the  sample  mounted  in  the  fridge.  The  temperature  dependent  data  was  obtained  in  the  form  of  the  ratio  of  the  power 
transmitted  through  the  beam  splitter,  fridge,  and  the  sample  to  the  power  reflected  to  the  reference  detector.  It  was  found  that 
the  ratio  of  the  r^ecumce  to  transimttance  was  sensitive  to  the  prease  cavity  length  of  the  pump  laser.  Thus  the  cavity  length 
was  acyusted  to  maximise  the  FIR  power  before  each  transmittance  ratio  was  measured. 


For  all  the  frequencies  measured  the  transmisson  of  the  superconductor-subsUnte  samples  was  found  to  drop  as  the 
temperature  was  reduced  towards  T,.  At  low  frequencies  a  sharp  reduction  in  the  transmission  was  observed  at  T^,  followed  by 

a  levelling  off  at  temperatures  below  Tc/2.  At  frequencies  above  120  cm'  ^  the  siu  of  the  step  at  T^  decreased  with  frequency. 
The  onset  of  strong  absorbtion  in  the  MgO  subsUate  at  approximately  100  cm'^  makes  quantativc  interpretation  of  the  daUi 
diflicult  at  frequencies  above  lOOcm'l. 


A  computer  simulation  using  a  frequency  and  temperature  dielectric  function  for  MgO  (as  determined  by  T.R.  Yang  et 
al.),  a  Drude  type  conductivity  for  the  normal  state  of  the  superconductor  and  a  two  fluid  model  for  the  superconducting  suite 
was  used  to  model  the  optical  properties  of  the  sample.  The  conductivity  of  the  superconducting  films  were  thereby  obudned  at 
millimeter  and  submillimeter  wavelengths.  A  temperature  dependent  E^de  relaxation  rate  was  required  to  fit  the  normal  suite 
data  at  all  frquendes.  with  the  relaxation  rate  inversely  proportional  to  the  temperature.  When  the  dependence  of  the 
penetration  depth  on  film  thickness  is  token  into  account,  the  two  fluid  model  can  fit  the  observed  optical  properties  at 
frequencies  up  to  200  em'V  A  two  fluid  temperature  dependence  for  the  peneUation  depth  produces  the  best  fit  to  the  data  at  all 
frequencies.  No  evidence  is  seen  for  quosipaitlcle  exciUition,  or  pairbreaking  over  the  range  of  frequencies  studied. 
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Far  infrared  ellipaometric  study  of  HTSC  gap  in  ab-  and  c*oriented  epitaxial 

YBaCuO  flfms 

A.B.Suihkov*  and  E.A.Tiahchenko 

P.L.Kapitia  Inititute  for  Phytical  Problem!,  Ruitian  Academy  of  Science, 

Koiygiua  att.  2,  U7973  Moscow,  Russia 

*InstUute  of  Spectroscopy,  Russlaa  Academy  of  Sclsaee, 

142092  Tkoitsk,  Moscow  region,  Russia 

1.  INTRODUCTION 

To  test  different  models  of  HTSO  and  to  study  mechanism  of  this  phenomenon  comparison  of  the 
meuured  complex  dielsetrU  fkinction  <(w,7^  and  of  the  computed  one  is  very  usefhl.  In  the  case  of 
anisotropic  substance,  such  u  yRajCuaOf,  c(ui,T)  is  tensor  with  different  «••«»•««  components.  However, 
the  structure  of  oriented  YBaCuO  films  pendts  to  determine  c«  and  only  averaged  c^e  value,  To  carry 
out  ellipsometric  msMuremeuta  on  small  samples  in  fht  IR  the  light  beam  should  be  focused  onto  the 
sample  surface.  Earlier  we  find  an  original  dedsion  of  the  direct  problem  of  convergent  beam  ellipsometry^ 
(OBE).  This  report  is  devoted  to  the  invsrie  problem  of  OBB  for  the  following  refiecting  system:  Nads 
anisotropic  film  on  isotropic  substrate.  By  this  technique  we  have  obtained  temperature  dependencies  (4 
—  300  K)  of  Cat  end  c«  at  fixed  laser  frequencies  84,  120,  357  om"^. 

2.  ELLIPSOMETRIC  SCHEME  AND  PARAMETERS 
We  use  PSA'sehsms  or  PWiW^SW%W^A  if  sample  is  in  cryostat.  The  expression  for  detected  signal 
/i)(A),  where  A  is  analyser  an^e,  was  found  in^.Two  ellipsometric  parameters  of  the  polarisation  ellipse 
asimuth  x  end  ellipticity  <i  both  averaged  over  the  aperture  in  output  plane  of  OB  eUipsometer  can  be 
as  meuured,  u  computed: 


X  “  AfHjd 

ten*(7)  “  fp(AfM<tt)//j}(Am<ii  A  s‘/2) 


(1) 

(2) 


Working  without  compensator  we  Iom  information  about  the  sign  of  ellipticity  7, 


3.  CRYOSTAT  WINDOWS 

Windows  must  be  thin.  It  means  that  convergent  beams,  reflected  inside  window  plate,  all  must  have 
the  same  focal  point.  Because  of  this  reason,  due  to  its  transpuency  in  visible  and  far  IR  and  also  due 
to  its  low  temperature  properties  we  use  50  mkm  mylu  u  material  both  for  warm  and  cold  windows. 
Two  characteristic  featuru  of  mylar  are  esuntial  for  us:  anisotropy  of  the  optical  constants^  and  a  short 
time  of  work  at  low  temperature.  Thue  features  determine  the  account  of  the  windows  effects.  Anisotropic 
windows  can  give  luger  values  of  ellipticity  yf  than  good  reflecting  sample  can  do.  This  effect  put  down 
an  upper  level  of  measured  optical  constants  of  the  sample,  that  can  be  dramatic  point  for  a  study  of  SC 
transitions.  We  decide  to  minimise  windows  effects  by  compensating  orientation.  We  have  two  rotations  in 
our  disposal:  uound  s-axis  on  90*  and  around  ■(or  y}«axis  on  180*  (Fig.  1). 


Solving  inverse  problem, 
r  hu  a  minimum  value’*: 


4.  INVERSE  PROBLEM 

find  such  values  of  puameters  of  the  reflecting  system,  that  error  function 


w 


4-1 


(3) 


where  M  is  the  number  of  measurements  (e.g.  the  number  of  incidence  angles),  xr  7r  denotes  angles 
from  the  ith  measurement,  xt  ud  yf  are  the  computed  values, 
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Let  the  film  being  giowthed  to  have  two  ot  piineipnl  axle  lying  in  the  plane  of  the  fllm  (Fig.  2).  Out 
approach  to  the  decUion  of  the  invene  pioblem  in  the  ea*e  of  aniiotropic  reflecting  lyitem  ii  bued  upon 
that  fact,  that  Fteinel  reflection  coefflctente  very  weakly  depend  on  if  XZ-plain  i>  the  incidence 

one.  Becauie,  carrying  out  measurementa  in  Fig.  2  orientation  we  practically  meaaute  N,  value. 


5.  EXPERIMENT 

Horiaontal  croiiection  of  experimental  letup,  excluding  HjO-luer  and  helium-cooled  detector,  ii  in 
Fig.  3.  Sample  ia  in  cryoagent'a  atmosphere.  Black  polyethylene,  surrounding  the  satrrile,  filtrates  short 
wavelength  irradiation.  The  following  measurement  routine  ia  used.  By  Multl-Angle-of-Incidenee  ellipsometry 
the  thickness  of  the  film  is  measured.  In  cryostat  without  windows  for  c-oriented  film  x”*  And 

7”*  are  measured.  Mylar  windows  ate  mounted,  x”*  nnd  ate  measured  again  and  complex  transmission 
coefllclent  of  windows  is  known.  Temperature  dependence  of  x”*  And  7”*  is  measured.  The  film  is  rotated 
on  90*  for  now  to  be  JV,.  All  this  steps  ate  repeated  for  this  ab-orientatlon.  Combined  treatment  in 
iterative  process,  which  converges  in  one  step,  gives  Cat(u>0iT)  and  Ce(u;o,7). 

The  results  obtained  will  be  discussed  together  with  the  computed  ones  by  authors  of  work*  in  frames 
of  the  strong  electron-phonon  interaction. 
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Department  of  Physics,  Faculty  of  Science,  Kobe  University,  Rokkodai,  Nada,  Kobe  657,  Japan 


Since  the  discovery  of  high  To  superconductors  the  magnetism  of  various  copper-oxides  has  attracted  much  interest. 
Especially  the  magnetism  of  strong  spin  correlation  systems  in  various  CUO4  networks  is  of  great  interest  because  it  is  well 
known  that  the  superconductivity  is  occuring  in  the  Cu02  plane  of  the  high  To  superconductors.  Here  we  will  show  some  of 
our  works  done  on  copper-oxides  by  submillimeter  wave  BSR,  Our  submillimeter  wave  BSR  can  provide  the  frequency 
region  of  90-3100  OHz  and  the  pulse  magnetic  field  up  to  SOT,  The  details  of  our  experimental  methods  can  be  found  in  ref. 
1  and  2. 

The  isolated  CUO4  units  stack  along  o-axis  in  Bi2Cu04  instead  of  the  layered  structure  in  the  superconducting 
copper-oxides.  At  Erst  this  system  was  inferred  to  be  one-dimensional  ferromagnetic  compound  with  easy  axis  along  the  c- 
axis.  But  from  the  analysis  of  our  antiferromagnetic  resonance  (AFMR)  of  single  crystal  Bi2Cu04  for  H//c  (Fig.  1)  and  Hic. 
it  turned  out  to  be  easy-plane  type  three-dimensional  antlferromagnet  and  the  ferromagnetic  array  of  moments  which  couple 
by  an  antifenomagnetlc  interaction  along  the  c-axis  is  stabilized  by  the  strong  interchain  antiferromagnetic  interactions.^ 
Using  a  far-infrared  Fourier  transform  spectrometer  the  zero  fleld  AFMR  mode  was  also  observed  at  13  cm*l  which  was 
consislent  with  our  analysis  of  AFMR.  The  electron  paramagnetic  resonance  (BPR)  was  also  observed  and  the  g-values  were 
determined  to  be  g//t>2,26  and  gi.M2.04.  The  line  width  was  determined  to  be  0.37T  which  was  quantitatively  explained  by  the 
dipole  and  anisotropic  exchange  interactions. 

SrCu02  and  Sr2Cu03  have  very  interesting  structures  and  strange  magnetic  properties.  SrCu02  has  two  one¬ 
dimensional  180*  Cu-O-Cu  interaction  chains  along  the  c-axls  which  are  coupled  together  by  90'  Cu-O-Cu  interaction,  On 
the  other  hand  S12CUO3  has  essentially  the  K2NIF4  structure  with  an  one-dimensional  180*  Cu-O-Cu  Interaction  due  to  the 
corner-linked  CUO4  planar  chains  along  the  b-direction.  This  chain  is  identical  with  the  one-dimensional  Cu(I)04  planar 
chains  in  high  To  superconductor  YBa2Cu307.  The  strange  part  of  SfCu02  and  Sr2Cu03  is  that  their  magnetic 
suscepdblllty  is  very  small  (about  KH  emu/mol)  and  they  don't  show  EPR  signal  for  wide  temperature  range  as  if  they  don't 
have  any  magnetic  moment.3  The  lack  of  EPR  signal  is  related  to  the  fact  that  YBagCusO?  also  does  not  show  BPR  signal. 
But  SfCu02  and  Sr2Cu03  start  to  show  EPR  signals  when  they  are  exposed  in  H2O  atmosphere.  The  example  in  the  case  of 
Sr2Cu03  is  shown  in  Fig,  2.  The  effect  of  H2O  should  have  some  connection  with  the  fact  that  YBa2Cu30y  starts  to  show 
BPR  signal  when  y#7.3  But  the  origin  of  the  very  small  magnetic  susceptibility  and  the  lack  of  EPR  signal  in  S1CUO2  and 
SrgCuOs  is  still  an  open  question. 


T(K) 

Pig.  1  Temperature  dependence  of  reionance  field  of 
Bi2Cu04  for  H//c-axii  at  (a)  370.4,  (b)  383.3  and 
(c)  384.9  OHz. 


Pig.2  EPR  ipectre  of  (a)  freshly  prepared  Sr2Cu03 
and  (b)  Sr2Cu03  exposed  to  H2O  observed  by  using 
232.3  OHz  line  at  86  K. 
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Pi|.  3  Prtqutnoy«fl«ld  ditgrtm  of  obiirved 
ruontnoo  linai  (opan  olrela)  for  Li2Cu02  powder  al 
li9K  and  ealoulaM  ona  (itolid  llnai)  by  maan  fiald 
thaory. 


Fl|.  4  Praquenoy*fiald  diagram  of  obiarvad  raionanea 
iinai  (opan  oirola)  for  Y2CU2O5  powdar  at  1.9K. 


In  LI2CUO2  the  CUO4  utilu  form  one*dlmeMlonal  ohalni  along  the  b<axU  sharing  the  edge  with  other  ones.  At  flntt 
LI2CUO2  was  supposed  to  be  one-dlmenslonal  system  with  ferromagnetic  exchange  interaction  along  the  chain  because  of  the 
existence  of  90*  interaction  via  oxygen  In  the  chain.  But  our  APMR  measurements  below  Tn"9.3K  and  their  analysis  as 
shown  in  Fig.  3  clearly  show  that  this  system  Is  three-dimensional  antlferromagnet  with  almost  uniaxial  anisotropy.^  The 
exchange  Interaction  inside  the  chain  turned  out  to  be  antiferromagnetic  and  the  ferromagnetic  alignment  of  the  magnetic 
moments  along  the  chain  seems  to  be  forced  by  the  strong  interchain  antiferromagnetic  exchange  intemctions.  We  also  found 
that  tlie  easy  axis  was  perpendicular  to  the  CUO4  plane  which  was  similar  to  CuO  but  was  different  from  most  copper  oxides 
with  easy  plane  typo  anisotropy.  The  CUO4  planes  also  share  the  edges  in  CuO  as  in  U2CUO2.  Therefore  the  origin  of  the 
easy  axis  in  the  case  of  LiiCuOg  and  CuO  is  an  interesting  problem  to  be  solved. 

Y2CU2OS  is  known  as  an  impurity  phase  found  in  YBa2Cu307  at  the  early  stage  of  the  investigation  of  high  To 
superconductors.  In  this  system  the  pairs  of  edge-shared  CUO4  units  are  linked  in  turn  by  comers  of  these  units.  The  most 
interesting  magnetic  property  of  Y2CU2OS  is  that  it  shows  two  successive  metamagnetic  transitions  at  3T  and  ST  below 
Tn>13K  when  the  field  is  applied  parallel  to  the  b-axls.S  As  the  anisotropy  is  usually  smaller  than  the  exchange  interactions 
In  copper  compounds,  it  is  very  strange  to  observe  metamagnetic  transitions  in  Y2CU2OS.  But  if  we  assume  strong 
ferromagnetic  exchange  interaction  in  the  two  edge-shared  CUO4  units  to  produce  dimers  with  S>1.  two  metamagnetic 
transitions  can  be  interpreted  by  the  model  used  in  the  case  of  NiCl22H206.  We  have  performed  submillimeter  wave  of 
Y2CU2OS  as  shown  in  Pig.  4.  The  ESR  modes  seem  to  be  changed  around  3T  and  3T.  We  have  to  check  If  the  magnetic 
resonances  observed  In  Y2CU2O5  can  be  interpreted  by  the  same  model.  The  g- values  of  YgCugOs  were  determined  to  be 
2.29, 2.08  and  2.03  at  86K  by  our  submillimeter  wave  ESR. 
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investigating  the  high  temperature  superconductors 

M.N.Kotov^  V.F.Nasterov^  A.V.Prlchodko^ ,  O.V.Smertln^ 

^Microwave  Laboratory,  Semiconductor  Physics  Institute 
11  A.Gostauto  str,,  Vilnius  2600,  LITHUANIA 
^Experimental  Physics  Department,  State  Technical  University 
29  Politechnitcheskaja  str.,  St  Petersburg,  RUSSIA 

Various  experimental  techniques  are  in  use  at  present  time  to 
Investigate  electromagnetic  properties  of  high  temperature 
superconductors  (HTS) .  Usually,  integral  measurements  of  a  surface 
Impedance  or  related  characteristics  are  being  made.  Non-resonance 
methods  are  based  on  the  measurements  of  electromagnetic  wave  transition 
through  the  HTS  sample.  This  technique  requires  very  sensitive  equipment 
unless  the  samples  are  very  thin,  approximately,  no  more  than  100  nm. 
Resonance  methods  are  more  precise  but  technologically  sophisticated  and 
expensive.  Specific  difficulties  occur  when  measurements  are  to  be  made 
in  a  millimeter  wave  (MMW)  band  due  to  small  dimensions  of  resonators  and 
samples.  In  the  present  work  two  new  experimental  methods  of 

investigating  the  HTS  in  the  MMW  band  have 
been  proposed.  The  scheme  of  the  first  one 
is  presented  in  Flg.l  [1].  Powder  of 
YBa^CujOi  ceramics  was  put  into  a  capsule 
and  contained  by  blocks  made  of  glass 
carbon  with  buffed  surface;  a  certain 
pressure  was  applied  to  the  blocks  to  make 
the  structure  conductive.  A  circuit  shown 
In  the  Flg.l  was  employed  to  measure  low- 
frequency  voltage-current  characteristics 
(VCCh)  of  the  HTS  powder  and  a  dielectric 
aerial  was  used  to  measure  the 
rectification  of  microwave  signal  by  the 
HTS.  A  scanning  device  was  used  to  control 
the  position  of  the  aerial  with  respect  to 
the  sample.  The  investigations  of  low- 
frequency  VCCh  have  shown  that  with  the 
temperatures  of  the  sample  below  the 
critical  temperature  Tj,  the  critical 
current  region  appeared  on  the  curve.  With 
the  temperatures  above  T^  no  critical 
current  region  was  observed. 

The  results  of  the  measurements  of  the 
dependence  of  microwave  signal  (f=29.04  GHz,  PqbI.B  mW)  rectification  on 
the  position  of  the  aerial  are  presented  in  the  same  Fig.  These  results 
as  well  as  the  measured  stepped  dependence  of  rectlflcated  current  un  the 
incident  power  make  us  suppose  that  the  Jooephson  effect  took  place. 

The  scheme  of  the  second  experiment  is  presented  In  Fig. 2  [2,3].  The 
method  is  based  on  the  experimentally  tested  fact:  the  amplitude  profile 
of  an  open  dielectric  resonator  (ODR)  loaded  with  a  HTS  sample  is 
sensitive  enough  with  respect  to  the  change  of  electromagnetic  properties 
of  the  load.  We  have  carried  out  the  measurements  In  a  2-mm  band  using 


Flg.l  Scheme  of  the  l-st 
experiment 
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bulk  YBa2Cu30i  ceramics  as  well  as 
single-pnase  and  multiphase 
Bl2Sr2CaCu203  single-crystals.  By  using 
the  method,  we  have  observed  the 
Isotropic  effect  of  the  Josephson 
harmonic  generation  In  bulk  ceramic 
samples  as  well  as  anisotropic  one  In 
multiphase  single-crystals.  The 
experiments  have  shown  the  nonlinear 
dependence  of  the  amplitude  of  the 
Josephson  harmonics  on  the  incident 
power.  Fig. 3  presents  such  a 
dependence  measured  at  77K  with  a 
multiphase  single-crystal  orientated 
as  shown  In  Fig. 2  by  solid  lines.  It 
should  be  emphasized  that  with 
perpendicular  orientation  of  the  sample  or  with  the  temperature  above  Tg, 
no  steps  have  been  observed.  Fig. 4  presents  the  temperature  dependence  of 
the  detected  signal  for  two  orientations  of  the  sample.  Sharp  resonance 
peaks  have  been  observed  at  temperatures  close  to  T^.  These  peaks  seem  to 
be  of  the  same  origin  as  those  of  the  conductivity  observed  at  600Hz  [4] . 
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ABSTRACT 

For  the  first  time  millimeter  waves  are  used  for  non-destructive  diagnostics  of  superconducting  layers  and  theii 
quality  control.  The  quality  of  the  whole  layer  depending  on  Tc  and  ATc  is  determined  by  local  transmission  of  millimete: 
waves. 


1,  INTRODUCTION 

Since  the  discovery  of  the  high-Tc  superconductors,  both  microwaves  and  millimeter  waves  were  used  for  the 
determination  of  their  surface  impedance'.  The  main  reason  for  this  interest  is  good  prospects  for  the  application  of 
these  materials  in  microwave  and  electronic  devices.  For  this  purpose  it  Is  also  very  important  to  know  how 
superconductive  properties  are  distributed  in  the  layer  area.  Such  data  would  make  It  possible  to  receive  information 
about  layer  homogeneity  and  its  quality. 

In  the  present  paper  the  possibility  of  millimeter  wave  application  for  non-destructive  diagnostics  of 
superconductor  layers  and  their  quality  control  is  shown  for  the  first  time. 

2.^ER1MEN.T 

The  main  idea  of  the  experiment  was  local  excitation  of  millimeter  waves  in  superconductor  layer  and  the 
measurement  of  their  transmi.ssion  dependence  on  temperature  in  difibrent  places  of  the  sample.  The  schematic  diagram 
of  experimental  set-up  is  shown  in  Fig.l.  A  superconducting  layer  deposited  onto  dielectric  substrate  was  placed  between 
special  dielectric  wavequidc  probes  that  provided  local  excitation  and  reception  of  the  millimeter  waves.  The  measured 
sample  could  be  moved  in  regard  to  exciting  and  receiving  probes  In  the  x-y  plane.  Earliet  such  method  was  used  for 
semiconductor  plate  homogeneity  control^  Spatial  resolving  power  of  this  method  was  about  0.5  mm^ 

All  measurements  were  carried  out  at  eighth  millimeter  wavelengths.  Y-Ba-Cu-O  and  Bi-Sr-Ca-Cu-0 
superconductor  layers  deposited  onto  MgO  (100)  substrates  were  used  for  the  experiment.  Laser  ablation,  magnetron 
sputtering  and  conventional  thermal  evaporation  methods  for  the  preparation  of  superconducting  layers  were  used. 
Measuring  samples  arcti  was  about  1  cm^  The  thickness  of  superconducting  layers  was  loss  then  1  mkm. 

3.RESULTS  AND  DISCUSSION 

An  example  of  measurement  results  for  Bl-Sr-Ca-Cu~0  (2212)  superconducting  layer  is  shown  in  fig.2.  Curves 
presented  In  this  figure  show  sharp  decrease  of  the  transmitted  signal  In  the  region  of  transition  from  normal  to 
superconducting  state  associated  with  the  millimeter  wave  penetration  depth  decrease.  Measurement  results  presentod 
in  Fig.2  clearly  demonstrate  the  difference  for  Tc  and  ATc  in  separate  places  of  the  investigated  sample.  The  greatest 
difference  for  Tc  and  AIV,  as  seen  from  Fig.2,  is  about  IK  and  2K,  respectively.  This  fact  shows  Inhomogeneous 
distribution  of  superconductive  properties  in  the  layer  area. 

tLa.^Na,USIQJiIS 

Results  presented  in  the  paper  show  that  millimeter  waves  can  be  succe.ssfully  used  for  the  contactless 
detot  mlnation  of  such  superconductor  parameters  as  T(.  and  AT(  as  well  us  fur  their  distribution  in  the  layer  area.  The 
pioposf'd  method  can  be  used  for  the  dcvelopmentof  superconductor  layer  technology  as  wellas  for  the  physical  research. 
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Fig,l.  Schematic  diagram  of  the  experimental  set-up. 


Fig.2.  Transmitted  signal  dependences 
on  temperature  in  different  places  of 
Bi-Sr-Ca-Cu-0  (2212)  superconducting 
layer  prepared  using  conventional 
thermal  evaporation  method.  Curves  are 
shifted  along  the  ordinate  to  avoid 
blending, 
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1.  INTRODUCTION 

The  fast  ion  and  alpha-particie  diagnostic  is  based  on  coilective  Thomson  scattering  of  high  power  140  OHz  radiation. 
The  main  aim  of  the  system  will  be  the  determination  of  the  spatially  resolved  velocity  distribution  of  fast  ion  populations 
in  JET  plasmas,  by  measuring  the  frequency  spectrum  of  scattered  radiation.  A  spatial  profile  of  the  velocity  distribution, 
with  resolution  <10  cm,  can  be  determined  by  scanning  the  scattering  volume  (the  overlap  of  the  antenna  patterns  of  the 
launch  and  receive  antennas)  over  the  plasma,  using  steerable  launch  and  receive  mirrors.  The  diagnostic  will  be  used  to 
measure  fast  Ion  populations  produced  by  the  heating  systems,  and  will  be  particularly  Important  In  the  tritium  phase  of 
JET  when,  by  a  measurement  of  the  velocity  distribution  of  alpha  particles  created  by  fusion  reactions,  the  efficiency  of 
alpha  particle  heating  can  be  established.  It  is  expected  that  their  velocity  distribution  can  be  determined  between  O.S 
MeV  (limited  because  at  low  frequency  shift  the  spectrum  is  dominated  by  the  thermal  ion  feature)  and  their  birth  energy 
(3.5  MeV)  with  a  typical  time  resolution  of  0. 1  s.  The  principal  components  of  the  diagnostic  are  shown  schematically  in 
flguie  I.  They  are;  a  high  power  long  pulse  gyrotron  and  associated  equipment,  a  heterodyne  receiver  system  and 
transmission  lines.  The  RF  transmission  and  the  receiver  system  ore  described  in  accompanying  papers**^.  The  physics 
principles  of  the  diagnostic  are  described  elsewhere*  ( 

2.  TECHNICAL  SYSTEMS 


2.1  Gyrotron 

The  source  of  radiation  Is  a  gyrotron  which  can  be  operated  at  up  to  300  kW  RP  average  during  long  pulses  (S  s.).  The 
gyrotron  operates  In  a  whispering  gallery  mode  (TE,],]).  A  high  spectral  purity:  ratio  of  noise  power  to  total  RF  power 
Pn/Pq<  10’"'/Hz,  has  been  verified.  High  spectral  purity  is  necessary  because  injected  radiation  at  different  frequencies, 
which  is  received  as  stray  light,  can  not  be  discriminated  from  the  scattering  signal.  The  gyrotron  will  be  operated  at  >80 
kV,  up  to  20  A  beam  current.  At  higher  current  it  can  produce  up  to  1  MW  RF  in  short  pulses. 

2.2  Modulation 

To  discriminate  the  scattering  signal  (with  equivalent  blackbody  temperature  of  a  few  eV)  from  the  background  radiation 
(few  hundred  eV,  mainly  electron  cyclotron  emission),  the  gyrotron  RF  power  will  bo  modulated  between  peak  and  zero 
power  during  a  pulse  (modulation  between  two  non-zero  power  levels  is  also  possible).  The  modulation  frequency  is  high 
(>10  kHz)  to  avoid  significant  modulation  of  the  background  radiation  due  to  absorption  of  the  li^ected  radiation  In  the 
plasma  aRer  reflection  from  the  wall.  RF  modulation  will  be  accomplished  by  m^ulatlng  the  anode  voltage  using  a 
special  purpose  anode  modulator.  Special  care  will  be  taken  to  obtain  a  reproducible  RF  modulation  waveform;  the 
filament  supply  will  be  operated  at  the  same  frequency  and  phase  locked  to  the  modulation  frequency  to  eliminate  a  non- 
reproducible  effect  of  the  magnetic  field  associated  with  the  filament  current,  an  intelligent  boost  control  of  the  filament 
supply  will  be  used  and  the  onode  voltage  will  have  high  stability. 

2.3  Protection 

In  addition  to  the  normal  fail  to  safe  protection  features  of  a  gyrotron  system,  there  are  protection  features  specific  to  this 
particular  application.  The  system  Is  protected  (I.e.  by  switch-ofO  against  operation  at  the  wrong  frequency,  necessary 
because  a  high  level  of  stray  light  could  damage  the  sensitive  detectors  If  the  frequency  Is  outside  the  range  where  the 
detectors  are  protected  by  a  narrow  band  notch  tllter.  Several  protection  features,  Including  a  protection  against  excessive 
power  at  the  detectoi  ,  are  ussociutcct  svitli  the  pos.slbility  of  direct  sight  (or  indirect  via  reflection)  of  the  ir\jected  beam  by 
the  receiver  antenna  it  is  ulvo  possible  to  protect  against  operation  without  plasma  (which,  after  reflection  Is  the  dump  for 
the  injected  power).  Since,  ut  Ic^st  Initially,  the  torus  window  is  Inertially  cooled  and  has  a  long  thermal  time  constant, 
the  window  tcmp  'i  btur..'  (U.  ir<en.<iuremi»nt)  is  also  incorporated  in  the  protection  system. 
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2.4  Control 

A  control  system  to  control  the  parameters  of  gyrotron  operation  as  well  as  the  scattering  parameters  (angle  of  ii\jection, 
polarisation)  and  settings  of  the  receiver  system,  has  been  Implemented  local  to  the  gyrotron.  The  different  subsystems; 
Gyrotron  Systems,  Cooling,  Transmission  and  Detection,  each  have  their  own  PLC,  linked  to  a  PC,  The  HV  Power 
Supplies  are  CAMAC  interfaced  to  a  separate  computer.  Rotation  of  mirrors  (polarisers,  in-vessel  mirrors)  is  done  by 
stepper  motors,  except  for  the  steerable  receive  mirror,  where  two  servo  motors  are  used  to  obtain  maximum  speed  of 
response  for  feedback  of  the  mirror  orientation  during  the  pulse.  This  feedback  is  important  at  higher  densities  to  maintain 
an  overlap  of  ii\jected  and  detected  beams  when  refraction  of  the  beams  in  the  plasma  Is  signiflcant.  Extension  of  the 
control  to  the  JET  diagnostic  control  room  Is  In  progress.  A  link  to  the  mainframe  IBM  will  make  It  possible  to  set  up  the 
optimum  scattering  parameters  on  the  basis  of  numerical  computations  (e.g.  ray  tracing). 

3.  STATUS 

During  the  last  JET  operational  period  the  receiver  system  was  used  for  passive  measurements  of  the  background 
radiation^  These  measurements  confirmed  expectations  with  respect  to  the  background  radiation  level  ,which  is  Important 
since  statistical  fluctuations  on  the  background  radiation  arc  the  main  source  of  noise  for  the  measurement.  Transmission 
systems  have  been  tested  at  low  power,  at  which  they  perform  satisfactorily.  Presently,  a  prototype  gyrotron,  on  loan  from 
the  US  DoE,  is  being  commissioned,  while  a  commercial  gyrotron  is  now  scheduled  for  delivery  in  early  '94.  New  In* 
vessel  components  are  being  installed  to  make  the  diagnostic  compatible  with  the  new  divertor  geometry  of  JET.  First 
plasma  measurements  are  expected  to  be  done  after  JET  operation  Is  resumed  in  '94.  There  is  a  formal  and  Important 
collaboration  with  the  US  DoE  on  this  diagnostic,  involving  equipment  and  personnel  from  MIT  and  LLNL. 


Figure  I :  Schematic  overview  of  the  diagnostic  system 
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ABSTRACT 

Parameters  of  modern  family  of  ECRH  0,5  MW  gyrotrons  are 
described.  Some  outlines  of  strategy  of  elaboration  of  ntw  family  of 
ECRH  gyrotroni  with  1  MW  output  art  glvtn. 

IMTROPgfiTION 

For  ECRH  syatems  at  fusion  plasma  installations,  the  family  of 
O.S  MW  gyrotrons  with  near  -  1  a  pulse  duration  at  fraqusnoy  range 
from  S3  up  to  160  GHz  is  created  (see  table  1).  These  gyrotrons 
aatlsfy  the  most  part  of  modern  fueion  devices.  For  future  ones,  RF 
output  power  1  MW  and  pulse  duration  10  s  or  CW  regime  are  regarded  as 
obligatory.  Problems  of  development  of  the  new  family  of  ECRH  gyrotron 
can  be  classified  in  following  4  groups. 

1.  Creation  of  Intense  electron  helical  beam  with  low  velocity 
spread  and  rather  large  share  cf  gyration  energy  and  transportation  of 
the  beam  to  resonant  cavity i 

2.  Selective  excitation  of  an  operating  mode  with  high  efficiency 
in  highly  oversized  gyrotron  oavityi 

3.  Spatial  separation  of  electron  beam  from  RF  radiation  and 
high-efficiency  conversion  of  the  operating  mode  into  wave  beam  which 
is  convenient  for  its  emission  from  gyrotron  and  further 
transportation  to  load*, 

4.  Effective  thermal  drain  from  thermal  loaded  gyrotron' s  parts 
(cavity,  collector,  internal  mirrors  and  output  window). 

Generally  the  accomplishment  of  the  1  MW  long  pulse  gyrotrons 
will  require  larger  dimensions  of  all  their  main  parts  and  higher 
operating  modes. 

JLEL£Cmo^i.JLQM 

For  computation  and  optimization  of  gyrotron’ s  electron  gun^  the 
adiabatic  theory^  trajectory  analysis*  and  experimental  methods*  are 
used.  In  the  latest  time,  the  more  attention  is  paid  to  theoretical 
and  experimental  determination  of  the  velocity  distribution  functions 
of  electrons  in  gyrotrons.  Some  experimental  distribution  functions  in 
a  140  GHz/0.5  MW  tube  given  in  Fig.  1  show  explicit  changes  in  their 
width  and  form  at  various  beam  currents.  These  changes  can  influence 
the  beam’s  atablllty  and  gyrotron's  efficiency. 
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The  Btablllty  of  an  electron  beam  actually  deflnei  the  maximum 
electron  beam  current.  There  can  be  various  mechanlema  of 
Instabilities,  particularly  associated  with  potential  depression  In 
beams*.  At  typical  parameters  of  gyrotrons,  thresholds  of  such 
Instabilities  can  be  overcome  at  currents  near  SO  A,  which  are 
necessary  for  1  MW  tubes.  The  deformation  of  the  electron  velocity 
distribution  function  can  be  a  signal  of  some  Instabilities  In 
electron  beams. 


2. SELECTION  OF  OPERATING  MODE 

The  calculation  of  oaolllations  In  a  gyrotron  oavlty  Is  carried 
out  using  the  non-linear  theory  of  multimode  gyrotron”.  In  principle 
It  Is  possible  to  attain  1  HW  level  at  frequencies  up  to  110  GHz  with 
modes  which  are  proved  to  be  stabilized  by  rather  ordinary  means  of 
electron  and  eleotrodynamlo  selection”.  Now  new  experiments  are 
planned  to  check  the  stability  of  operating  modes  at  1  MW  gyrotrons  at 
frequencies  up  to  150  GHz. 

3. SEPARATION  OF  ELECTRON  BEAM  FROM  RF  RADIATION 

In  ECRH  gyrotrons  an  electron  beam  la  separated  from  RF  radiation 
by  means  of  an  quasl-optloal  mode  converter.  Internal  mirrors 
transform  the  radiations  into  a  narrowly  directed  wave  beam  escaping  a 
gyrotron  through  its  output  window  transversely  to  the  tube's  axis. 
This  provides  relatively  high  resistance  of  such  gyrotron  against 
reflections  In  an  external  transmission  line  and  protects  a  window 
against  bombardment  by  stray  eleotrons.  Ions  and  neutrals  especially 
during  Internal  breakdowns. 

Measurements  of  the  spatial  structure  and  frequency  spectrum  of 
the  output  radiation  allow  to  estimate  the  mode  contents  and  to  design 
first  elements  of  an  external  transmission  line.  Results  of 
measurements  of  the  structure  of  the  output  wave  beam  of  an  industrial 
no  GHz  gyrotron  are  given  in  Fig. 2.  The  analysis  of  it  shows  that 
with  attained  accuracy  of  measurements  about  2  H,  In  the  gyrotron  the 
single  TE,.  .  mode  was  excited. 

lOi  4 

A.IHSRMAUtfjSiMES 

Two  kinds  of  cooling  systems  are  used  In  long  pulse  gyrotrons, 
depending  on  the  ratio  of  thermal  time  constant  r,,,  to  pulse  duration 

T  If  T^/r<  1  the  heat  capacity  of  material  can  be  used,  while 

relatively  non-lntense  flow  of  coolant  removes  Just  mean  thermal  load; 
if  Tr^/r  m  1  rather  Intense  flow  of  coolant  removing  the  maximum 

thermal  load  must  be  used.  For  metal  parts Tr.can  be  close  to  1  s,  for 

windows  ^  Is  usually  from  10  to  100  s. 

Alii..,  CftllflCtgr, 


Designing  a  colleotor,  the  acceptable  thermal  load  and  stability 
of  operation  to  external  magnetic  fields  are  to  be  taken  Into 
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consideration.  Now  In  ECRH  gyrotrons  with  over  0.5  s  -  puloes.  scan¬ 
ning  of  an  electron  beam  along  the  collector  surface  by  a  special  coll 
with  alternating  magnetic  field  Is  usually  used. 

Thermal  load  is  one  of  main  factors  defining  an  operating  mode  of 
gyrotron’s  cavity.  At  pulses  near  0.5  a  duration  and  cooling  based  on 
the  luiat  capacity  of  cavity's  walls,  the  maximum  load  reaches  1.5 
kW/om".  At  longer  pulses  and  Qt  regime  an  Intense  flow  of  coolant  Is 
used,. and  the  maximum  thermal  load  In  a  cavity  can  be  up  to  2  ...  2.5 
kW/cm*. 

4181  Mlrr9ri 

In  1  MW  gyrotrons  with  pulses  longer  than  3  ...  5  s,  the  RF  ohmlo 
losses  can  essentially  heat  up  the  mirrors.  This  leads  to  necessity  of 
their  cooling. 

,4i4i  .WlndgW 

Usually  maximum  transmitting  power  of  an  output  window  limits 
output  power  of  ECRH  gyrotrons.  Now  the  main  version  of  an  output 
window  for  1  MW  CW  gyrotrons  at  frequencies  up  to  ISO  GHz  Is  the 
single-disk  sapphire  window  cooled  down  to  and  below  the  L  tempera¬ 
ture. 


GOMCmaiQN 

Modern  ECRH  gyrotrons  can  not  attain  the  goal  of  1  MW  multlseoond 
or  CW  output.  For  this,  new  Investigations  and  developments  are 
needed.  The  moat  serious  problems  seem  to  be  associated  with  stability 
of  electron  beams  and  transmitting  power  of  output  windows. 
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ABSTRACT 

Technical  aspects  of  the  installation  of  the  ECRH  transmission  lines  and  antennas  on  Tore  Supra  are 
outlined.  Six  corrugated  circular  transmission  lines  will  transport  each  500  kW  in  HE^  mode  at  110  or 
118  GHz.  Special  attention  is  given  to  vacuum  operation,  CW  operation,  cooling,  alignment  and  support 
structures,  and  mode  purity  measurements, 

1.  INTRODUCTION 

On  the  Tore  Supra  tokamak,  plasma  heating  and  current  drive  experiments  are  planned  with  high  power 
waves  (2  MW  in  the  plasma)  in  the  electron  cyclotron  frequency  range  (ECRH)  [1].  Tore  Supra  is 
dedicated  to  long  plasma  pulse  operation  (210  s),  which  must  be  met  by  the  ECRH  system,  The  system 
must  be  relevant  for  ITER,  This  leads  to  a  high  unit  source-power  and  closed  transmission  lines.  The  use  of 
cryogenic  windows  and  small  wave  guide  cross-sections  requires  the  lines  to  be  evacuated.  A  110  GHz, 
350  kW,  TE64  prototype  gyictron  and  HE  11  transmission  line  will  be  used  to  study  the  problems  related 
with  vacuum  and  CW  operation.  The  final  generator  will  consist  of  a  series  of  six  gyrotrons  at  118  GHz 
delivering  500  kW  each  in  HE  11  mode  or  in  Gaussian  Beam  using  an  internal  vlasov  converter.  These 
gyrotrons  will  have  cryogenic  windows.  Reliable  simultaneous  operation  of  the  whole  system  will  be 
studied.  For  current  drive  experiments,  the  antenna  must  allow  to  direct  the  power  at  any  radial  position  in 
the  plasma,  and  to  launch  horizontally  under  angles  up  to  ±30”  with  respect  to  perpendicular  injection. 

2.  TRANSMISSION  LINES 

The  transmission  line  of  the  prototype  consists  of  a  vertical  mode  conversion  section  and  a  horizontal  and  a 
vertical  HEl  1  mode  section  connected  by  two  mitre  bends.  The  power  will  be  dissipated  in  a  load  which 
allows  500  kW  CW.  The  series  transmission  lines  will  consist  of  a  polariser  at  the  gyrotron  output  to 
produce  the  polarisation  required  for  launching  obliquely  into  the  plasma  [2],  and  a  HE  11  mode  section 
including  four  mitre  bends  to  connect  the  gyrotrons  to  the  antenna. 

The  diameter  of  the  mode  conversion  section  is  20  mm  to  reduce  its  length.  Before  and  after  the  conversion 
section,  the  diameter  is  tapered  to  63.5  mm.  The  TE64  gyrotron  output  is  consecutively  converted  to 
TE04,  TEOl,  TEll  and  HEl  1 -mode.  Low  power  antenna  pattern  measurements  have  been  performed 
showing  a  mode  purity  of  98®/i  for  the  TE01-TE04-TE64  section  (Fig.  1),  and  a  mode  purity  of 
approximately  99%  for  the  TEOl -TEll -HE  11  conversion  chain  (Fig.  2).  Conservatively  estimating  the 
ohmic  losses  in  tapers  and  converters  as  16%,  total  losses  in  the  conversion  section  are  about  19%.  The 
power  loss  being  of  the  order  of  80  kW,  active  cooling  of  the  converter  is  required  for  CW  operation. 
Special  mounting  techniques  are  foreseen  to  protect  the  gyrotron  window  for  the  converter  section  weight. 

The  HEl  1  mode  section  consists  of  2  m  long  pieces  of  corrugated  aluminium  guide  with  63.5  mm  diameter. 
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It  includes  components  as  bellows,  pump  sections,  mitre  bends,  vacuum  valves  and  a  DC>break,  each 
having  almost  negligible  ohmic  losses  and  low  mode  conversion  losses.  To  measure  the  influence  of 
misalignment  on  the  mode  purity,  a  displacement  of  2  mm  was  introduced  between  two  straight  sections. 
Although  no  interpretation  software  is  available  to  simulate  the  resulting  antenna  pattern,  it  can  be  said  that 
the  mode  content  was  changed  in  an  important  way.  The  support  distance,  2  m,  is  very  different  from  the 
beat  wavelengths  of  the  HEl  1  mode  with  most  important  other  modes.  This  limits  mode  conversion, 
therefore  gravity  sag  between  supports  (below  .2  mm)  is  not  important,  Alignment  techniques  using  a 
theodolite  are  under  development  and  reach  0.1  mm  /  m  accuracy.  Alignment  will  start  ft'om  the  antenna 
and  end  at  the  gyrotron.  Therefore,  the  gyrotron  will  be  moveable.  In  the  case  this  fkils,  a  technique  has 
been  developed  to  connect  two  arbitrarily  directed  transmission  lines  using  two  90°  mitre  bends. 

3.  ANTENNAS 

An  outline  of  the  antennas  has  been  given  in  [1].  The  launch  direction  of  three  assemblies  of  two  beams  will 
be  independently  variable  in  horizontal  and  vertical  direction  for  optimum  flexibility.  An  important  difficulty 
in  the  design  is  the  cooling  of  the  mirrors.  The  best  solution  found  suffers  ftom  a  local  plastic  deformation 
due  to  thermal  stress,  but  stresses  stay  below  the  rupture  stress  (Fig.  3).  For  technical  ease,  the  antenna  will 
be  connected  rigidly  to  the  torus  port.  To  avoid  alignment  problems  due  to  movements  of  the  torus  port  (of 
the  order  of  one  mm),  the  transmission  lines  will  be  supported  by  one  single  beam  of  10  m  long  between  the 
torus  and  the  wall.  In  this  way  the  misalignment  is  distributed  over  10  m  of  transmission  line. 
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Fig.  1.  The  antenna  pattern  of  the  rotating  TE64  mode  (E-polarisation  perp.  to  the  radial  coordinate  r) 
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MM-WAVE  TRANSMISSION  IN  THE  FAST  ION  AND  ALPHA-PARTICLE 

DIAGNC^TIC  AT  JET 

J.A.  Hoekzema,  N.P.  Hammond 
JET  Joint  Undertaking,  Abingdon,  Oxfordshire,  0X14  3EA,  UK 

A  combination  of  quasl-optical  and  ln>waveguide  propagation  is  used  for  transmission  of  high  power  140  OHz  gyrotron 
radiation  to  the  plasma  and  low  power  scattered  radiation  to  the  detection  system  in  the  JET  fast  ion  and  aipha>particle 
diagnostic'.  The  systems  have  wide  band  (110-180  OHz)  transmission  characteristics.  Several  components  are  described  in 
more  detali  in  reference  2. 


1.  mCH  POWER  TRANSMISSION 

1.1  Quasl-optical  converter  and  polariser 

The  TE,3  2  mode  generated  by  the  gyrotron  is  converted  to  a  Gaussian  beam  using  a  quasi-optioai  mode  converter.  A  high 
efficiency  converter,  using  deformations  of  the  feed  waveguide,  is  in  preparation  to  repiace  the  existing  standard  converter. 
The  feed  waveguide  of  the  converter  has  an  Intemai  diameter  of  88.9  mm,  equal  to  the  gyrotron  output  waveguide.  This 
requires  large  dimensions  (the  total  height  of  the  converter  is  4  m.)  but  avoids  a  downtaper  and  consequent  reflection  of 
spurious  high  order  modes  and  should  give  high  power  (MW)  handling  capability  at  atmospheric  pressure.  The  converter  is 
mounted  inside  an  airtight  and  radiation  tight  box  (PVC  with  A1  cladding)  and  stray  radiation  is  mainly  absorbed  by  water  in 
low  velocity  cooling  channels.  The  required  polarisation  of  the  radiation  is  also  produced  quasl-optically.  The  polarisation  at 
the  plasma  should  be  such  that  coupling  Is  to  the  0-mode  or  the  X-mode.  Since  Injection  will  generally  be  angled  in  the 
toroidal  direction,  both  modes  require  elliptical  polarisation.  The  linear  polarisation  at  the  output  of  the  mode  converter  is 
converted  to  the  required  elliptical  polarisation  by  means  of  a  universal  polariser.  This  consists  of  a  rooftop  mirror  facing  a 
corrugated  mirror.  Rotation  of  the  polariser  as  a  whole  rotates  the  polarisation  while  rotation  of  the  corrugated  mirror 
creates  the  required  amount  of  ellipticlty.  The  polariser  is  also  mounted  inside  an  airtight  box.  An  arc  detector,  looking  at 
the  corrugated  mlrrpr,  will  be  incorporated. 

1.2  Waveguide  transmission 

After  the  polariser,  the  radiation  is  coupled  at  the  beam  waist  into  88.9  mm  ID  corrugated  waveguide,  using  the  excellent 
coupling  of  a  Oaussian  beam  to  the  HE, ,  mode.  Alternatively,  a  movable  mirror  at  the  entrance  of  the  waveguide  can 
couple  radiation  from  a  low  power  klystron  Into  the  waveguide.  The  low  power  source  Is  used  for  alignment  of  the  in-vessel 
components.  The  waveguide  run  is  60  m.  long  and  Includes  7  mitre  bends.  The  relatively  large  diameter  of  the  waveguide 
will  allow  high  power  transmission  at  atmospheric  pressure.  In  fact  the  whole  transmission  system  will  be  at  a  slight  under 
pressure,  equal  to  the  pressure  Inside  the  torus  hall.  Precise  alignment  of  the  waveguide  (radius  of  curvature  >  3  km)  is 
crucial  to  avoid  mode  conversion. 

Alignment  is  achieved  by  precise 
machining  of  the  2  m.  long  waveguide 
sections  and  supporting  them  by  constant 
spring  supports  which  are  atljusted 
individually  to  counterbalance  the  weight 
of  the  sections.  Alignment  is  then 
determined  by  the  quality  of  machining  of 
waveguide  and  flange  connections  and  the 
waveguide  can  move  to  eliminate  the  effect 
of  moving  support  structures  (e.g.  due  to 
thermal  effects).  Expansion  Joints  are 
Included  and  allow  flxed  positions  of  the 
waveguide  at  both  ends  and  at  the  torus 
hall  penetration.  Most  of  the  waveguide  is 
made  of  electroformed  copper  with  NIP 
coating  but  more  resistive  sections  (plasma 
sprayed  stainless  steel)  are  included  after 
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each  bend.  The  increased  resistivity  has  negligible  effect  on  transmission  of  the  HE|  ^  mode,  but  gives  some  attenuation  of 
high  order  modes.  Forward  and  reflected  power  measurements  are  done  by  coupling  some  radiation  through  an  array  of 
small  (cut-ofO  holes  in  one  of  the  mitre  bends.  By  switching  a  mitre  bend  the  radiation  can  be  re-routed  to  a  silicon  oil 
cooled  calorimeter.  A  mechanical  shutter  is  included  in  the  line  for  safety  reasons. 

1.3  Quasi-optical  launch 

Near  the  torus  the  transmission  switches  back  to  quasi-optical  transmission.  The  Gaussian  beam,  launched  from  the 
waveguide  is  allowed  to  expand  to  reduce  the  power  density  at  the  torus  window.  Initially  this  will  be  an  inertlally  cooled 
waterfree  hised  silica  disk  with  180  mm  clear  view.  This  material  has  been  selected  because  of  the  low  loss,  low  expansion, 
relatively  low  refractive  index  and  limited  temperature  dependence  of  this  index.  It  will  allow  transmission  at  the  fhll  pulse 
length  (<S  8.)  but  will  have  to  be  operated  at  an  elevated  temperature  (a  few  hundred  "C)  to  achieve  sufficient  radiative 
cooling  between  pulses.  The  quasi  -optical  system  Includes  4  slightly  elliptical  mirrors.  The  use  of  pairs  of  parallel  mirrors 
compensates  for  the  movement  of  the  torus  (due  to  thermal  and  magnetic  effects)  which  can  amount  to  a  few  cm.  The  last 
mirror  Is  rotatable  in  two  directions.  The  focused  Gaussian  beam  reaches  a  waist  of  30  mm  in  the  centre  of  the  torus, 

2.  LOW  POWER  TRANSMISSION 

The  scattered  radiation  is  collected  by  a  receive  antenna,  consisting  of  two  mirrors;  a  flat  mirror  which  can  be  rotated  in 
two  Independent  directions  and  an  elliptical  mirror  which  focuses  a  Gaussian  beam  (with  30  mm  waist  in  the  centre  of  the 
torus)  into  a  10  mm  ID  corrugated  waveguide.  This  small  diameter  is  chosen  to  allow  bending  the  waveguide  around  the 
divertor  structures  in  the  torus.  Pour  additional  corrugated  waveguides,  with  ID  7.S  mm  are  bundled  with  the  main  receive 
waveguide,  These  slave  waveguides  collect  Gaussian  beams  slightly  displaced  from  the  main  beam  and  larger  beam 
diameter  to  be  used  for  feedback  puiposes^  The  waveguide  bundle  is  supported  by  an  Inconel  structure  which  is  sufOclently 
flexible  to  allow  the  movement  of  the  antenna  end  of  the 
waveguide,  mounted  on  the  torus  wall,  with  the  torus  while  at  the 
other  end  the  waveguides  are  supported  off  the  transformer  limbs. 

Tlie  main  receive  waveguide  Is  tapered  up  to  31.73  mm,  before 
going  through  a  mitre  bend  and  double  disk  crystal  quartz 
window  assembly.  The  corrugated  waveguide  is  continued  to  the 
detection  area  (40  m.)  where  the  radiation  is  launched  into  a 
quasi  optical  polarlser  to  select  tlie  correct  mode  and  polarisation. 

The  polarlser  uses  two  mirrors  with  rotatable  wire  grids  which 
act  as  quarter  and  half  lambda  plates.  The  slave  waveguides  end 
before  the  vacuum  window  and  radiation  Is  transmitted  through 
the  windows  quasl-optically.  Outside  the  vacuum,  polarlsers 
(again  using  mirrors  with  wire  grids)  select  the  required 
polarisation  and  coupling  into  fundamental  waveguide  selects  the 
correct  mode.  After  a  converter-taper  the  radiation  is  transmitted 
to  the  slave  detection  systems  in  the  TE| j  mode  in  27.8  mm 
smooth  waveguide. 
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Fig  2:  In-vesset  components,  receive  side 
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Optimization  of  an  Overmoded  Smooth^Wali  Circuiar 
Waveguide  Section  for  Carrying  Strong  MM-Wave  Power 
in  ECRH  Experiments 

F.  Billfe  *,  G.  Granucci L.  Manih  *,  A.  Simonetto  G.  Viciguerra 

(*)  DEEI  -  Universitii  di  Trieste  -  Via  A.  Valerio  10  -  34127  TRIESTE  -  Italy 
{**)  Istituto  di  Fisica  del  Plasma  >  Assoc.  EURATOM-ENEA-CNR,  Via  Bassini  15  -20133  MILANO  -  Italy 

1.  Abstract 

In  this  paper  we  explore  the  possibility  of  using  sections  of  overmoded  smooth-wall  circular  waveguide 
instead  of  an  overall  corrugated  waveguide  transmission  line  to  carry  strong  mm-wave  power  in  ECRH 
experiments.  To  this  end  we  carry  out  an  exact  analysis  of  the  transitions  from  corrugated  to  smooth-wall 
waveguide  and  optimize  the  length  and  size  of  the  smooth-wall  waveguide  to  achieve  minimum  losses.  The 
whole  structure  is  described  by  a  generalized  scattering  matrix  whose  elements  are  obtained  using  the  exact 
quasi-TE  and  quasi-TM  uncoupledf  modes  in  the  lossy  smooth-wall  waveguide. 

2.  Introduction 

The  hybrid  HEn  mode  propagating  in  a  corrugated  circular  waveguide  is  very  suitable  for  carrying  high 
microwave  power  in  ECRH  oxi^criments.  The  HE|  i  mode  propagates  with  very  low  losses  and  with  constant 
linear  polarization.  On  the  other  hand,  in  the  realization  of  a  long  transmission  line  with  corrugated 
waveguides  a  few  mechanical  problems  can  arise  and,  in  any  case,  costs  are  high.  It  seems  therefore  justified 
to  investigate  the  possibility  of  introducing  a  few  sections  made  of  smooth-wall  waveguide  in  the 
transmission  line. 

3.  Preliminary  considerations. 

The  hvbrid  HB|  i  mode  is  essentialy  a  combination  of  the  TBi  i  and  TMi  i  modes,  the  ratio  between  them 
depending  on  the  corrugation  depth.  Hence,  one  expects  that  connecting  the  corrugated  and  the  smooth-wall 
waveguides  directly  will  result  mainlv  in  the  excitation  of  the  TBn  and  TMn  modes  in  the  smooth-wall 
waveguide.  Morovor,  if  the  length  of  the  smooth-wall  waveguide  is  roughly  equal  to  the  beat-wavelength 
between  the  two  modes,  in  the  corrugated  waveguide  the  modes  will  agin  merge  into  the  HEt  t  mode.  At  the 
transition  the  power  reflection  should  be  small,  in  particular  if  the  corrugated  waveguide  is  highly  overmoded, 
as  in  the  cose  considered  here.  Namely,  we  refer  to  a  system  operating  at  140  GHz,  with  standard  corrugated 
circular  waveguide  having  on  inner  radius  a  =  44.45  mm  («20  A.)  and  a  corrugation  depth  of 

4.  Global  analysis  of  the  structure. 

With  reference  to  fig.  1,  it  is  evident  that  losses  are  due  to; 

a)  reflection  at  the  two  transitions  PiPf  and  P2P2'; 

b)  power  transfer  to  unwanted  modes  at  the  two  transitions  PiPj'  and  P2P2'l 

c)  attenuation  in  the  smooth-wall  waveguide. 

The  two  transitions  are  modeled  by  means  of  generalized  scattering  matrices  S\  and  S2  (fig.  2),  derived  with 
a  mode-matching  technique.  An  exact  analvsis  is  performed  for  the  lossy  waveguide:  the  wave  equation  is 
solved  taking  into  account  the  conductivity  of  the  waveguide  walls  and  imposing  the  exact  boundary 
conditions  at  the  interf'ice  between  the  inner  region  and  the  metallic  wall.  This  procedure  allows  us  to  expand 
the  e.  m.  field  in  a  set  of  orthogonal  (and  therefore  uncoupled)  quosi-TB  and  quasi-TM  modes,  chorccterized 
by  comjplex  propagation  constants.  This  set  of  modes  is  equivalent  to  a  set  of  uncoupled  lines,  connecting  the 
network  S|  and  S2;  the  whole  structure  is  then  equivalent  to  a  scattering  matrix  S,  corresponding  to  the 
cascade  of:  Si  -  the  uncoupled  line  set  -  S2.  (fig.  3). 

5.  Results. 

A  set  of  results  are  given  in  fig.s  4  to  9.  Fig.  4, 5  and  6  refer  to  a  smooth-wall  waveguide  length  L  equal  to 
A.B.  They  illustrate  the  behaviour  of  the  return  loss,  of  the  HE|  1  power  transfer,  and  of  the  power  transfer  to 
unwonted  modes,  respectively,  versus  the  nmooth-wall  waveguide  radius  b.  As  shown,  the  return  losses  are 
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always  very  small.  The  optimum  value  of  b  for  the  maximum  power  transfer  is  somewhat  smaller  than  a. 
Moieover,  the  analysis  has  confirmed  that  the  optimum  value  for  the  length  of  the  smooth^wall  waveguide 
coincides  with  A-b.  that  is  6.63  m  for  our  system.  Actually,  as  shown  in  fig.s  7,  8  and  9,  this  value  yields  the 
maximum  HE|  i  power  transfer  and  the  minimum  values  both  of  the  return  losses  and  of  the  power  transferr¬ 
ed  to  the  unwanted  modes.  The  minimum  overall  losses  amount  to  4%  and  ore  almost  entirely  ohmic  losses. 
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Radiation  Patterni  and  Opttmlaatlon  of  Beam  Excitation  of 
Highly  Overmoded  Corrugated  Rectangular  Waveguides 


Bradley  C.  Brown,  Jeffrey  A.  Lotbeck,  and  Ronald  J.  Vernon 
Department  of  Electrical  and  Computer  Engineering 
The  University  of  Wisconsin*  Madison 
Madison,  Wlsctxisin  S3706 

Abstract 

It  may  be  helpful  to  use  a  rectangular  geometry  for  the  output  window  In  high  power  gyrotrons.  Coupling 
through  the  window  might  be  to  an  overmoded  corrugated  rectan^ar  waveguide  on  the  other  side.  The  radiation 
patterns  of  such  waveguides  and  the  efficiency  of  coupling  to  them  is  discussed  In  this  paper. 

Introduction 

If  high  effiolency  coupling  ffom  a  high  power  gyrotron  to  a  corrugated  waveguide  Is  to  be  achieved,  then 
the  radiation  patterns  of  the  corrugated  guide  must  bo  determined.  By  reclprooity,  this  will  allow  us  to  determine 
how  a  beam  will  couple  Into  the  guide  foom  flee  apace.  Because  the  expressions  for  the  radiation  patterns  are 
complicated.  It  is  desirable  to  have  appK^xlmatlons  for  them.  Calculations  show  that  the  radiation  pattern  of  the 
HEm  mode  in  a  rectai^ar  guide  may  be  closely  approximated  by  a  Gaussian  beam.  Therefore,  It  should  be 
possible  to  efficiently  Ir^ject  a  Gaussian  betun  Into  the  corrugated  waveguide  and  excite  the  HEu  mode. 

Design  Technltt'ues  and  Theoretical  Results 

To  determine  the  radiation  pattern  of  the  waveguide,  the  fields  inside  the  guide  are  needed.  These  may  be 
found  by  the  method  of  potentials  [1].  For  the  HEn  mode,  with  the  polarization  shown  in  Pig.!,  E,  and  Hy  are 
the  dominant  field  components  and  have  the  greatest  Influence  on  the  radiation  patterns. 

Using  the  geometry  of  Fig.  1  and  the  expressions  for  the  HEjj  fields  Inside  the  guide,  the  radiation  pattern 
of  the  waveguide  can  be  calculated  using  the  Stratton-Chu  equations  [2].  The  plots,  shown  in  Fig.  2,  show  side 
lobe  levels  of  -^SdR  in  the  E  and  H  planes  and  a  narrow  main  lobe.  It  can  also  be  seen  that  the  3  to  1  ratio  of 
guide  dimensions  produces  a  1  to  3  beam  width  In  the  E  and  H  planes.  The  power  in  the  main  lobe  is  98.70% 
of  the  power  carrie<i  in  the  HEn  mode  inside  the  guide.  This  determines  an  upper  limit  on  the  coupling  efficiency 
which  Ive  achieved.  Also,  the  toul  radiated  powor  found  using  the  Stratton*Chu  equatloiu  is  99.87%  of  the 
powe>  inside  the  guide. 

Using  the  radiation  patterns  n!  uained  tYom  the  Stratton-Chu  equations,  it  is  possible  to  fit  a  Gaussian  beam 
to  the  radiation  pattern  in  the  foi  flei  ;  (3).  By  minimizing  the  total  error  In  power  density,  It  is  possible  to 
determine  a  best  fit  to  the  radiation  pattern.  To  a  good  approximation,  the  radiation  pattern  li  aeparabie  in  the 
X  and  y  directions,  thus  tire  x  and  y  flu  may  be  obtained  independently.  A  typical  match  is  shown  in  Fig.  4,  for 
which  the  total  fnvr  in  the  power  distribution  is  1.7%.  It  has  been  found  that  this  beat  match  is  achieved  when 
the  waist  slzt;  ov  the  Gaussian  beam  at  the  guide  entrance  is  0.63(d/2),  where  d  la  the  dimension  of  the  guide  in 
the  desired  direction. 
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Fig.  1.  6"  by  2”  corrugated  waveguide 
showing  HE||field  pattern. 


Pig.  2.  B'plane  and  H-plane  radiation  pattern  of 
HEji  mode  in  corrugated  guide. 
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Fig.  4.  Oauiiian  beam  flt  to  HEi  i  pattern  in  the 
far  field. 
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Conditioning  Optics  for  Astigmatic  Gaussian  Beams  at  140  GHz,  0.5  MW 
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ABSTRACI 

A  Quasi  Optical  system  has  been  designed  to  couple  the  power  coming  from  a  Gyrotron  with  astigmatic 
gaussian  beam  output,  into  an  oversized  corrugated  waveguide  (HEl  1  mode).  The  fraction  of  the  power 
injected  in  the  transmission  line  can  be  controlled  by  means  of  a  wire  grid  beam  splitter,  Polarization  control 
is  provided  by  two  rotating  corrugated  mirrors  of  electrical  depth  >JA  and  X/8  respectively. 


System  outline,  a, b)  beam  shaping  mirrors  ;  c}  beam  .’splitter  ; 
il,e)  universal  polarizer ;  f)  converging  mirror ;  g)  matched  load . 

The  beams  in  the  picture  have  4"^  transverse  dimension. 

1.  DESIGN  GUIDELINES 

Presently  available  140  GHz  gyrotrons  with  Quasi  optical  output  need  shaping  optics  to  symmetrize  the 
astigmatic  beom  emerging  from  the  window.  That  con  be  done  reducing  first  the  divergence  of  the  beam  in 
the  plane  where  it  has  the  major  spread,  by  the  mirror  a)  of  fig.l),  so  to  equalize  the  beam  radii  at  a  given 
position;  then  placing  there  a  second  mirror  to  perforin  the  phase  matching  with  the  gaussian  beam  which 
maximizes  the  power  transfer  (98%)  to  the  HEl  1  mode  of  the  waveguide.  At  present  only  the  fundamental 
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g.b.  mode  has  been  considered.  Any  power  in  higher  order  modes  that  may  be  present  at  the  gyrotron  output 
will  be  reduced  more  than  the  power  in  the  fundamental  mode  due  to  higher  diffraction  losses  on  the  finite 
size  mirrors.  The  surfaces  of  the  mirrors  a,b)  are  computed  point  by  point  equating  the  local  phase  of  the 
incident  beam  to  the  local  phase  of  the  desired  one.  This  procedure  cancels  the  phase  aberration  introduced 
by  the  "thin  lens"  approximation  in  the  classical  design  of  q.o.  mirrors.  The  machining  of  surfaces  described 
with  a  matrix  of  points  is  .sometimes  more  difficult  than  the  machining  of  the  correspondent  zero  order 
analytical  solution  (ellipsoid  or  hyperboloid);  anyway,  if  the  given  incident  or  reflected  gaussian  beam  has  no 
well  established  phase  center  in  the  zone  where  the  tnirror  is  placed,  the  entity  of  the  correction  may  be  not 
negligible. 

To  design  the  beam  splitter  c)  of  fig.  1  a  code  has  been  written  to  solve  the  boundary  problem  for  a  plane 
wave  incident  on  a  perfectly  conducting  wire  grid  of  infinite  extent  K  Both  TE  and  TM  polarization  with 
respect  to  the  direction  of  the  wires,  at  arbitrary  incident  angle  6,  have  been  considered.  For  a  given  diameter 
of  the  wires  and  provided  that  the  spacing  b  of  the  grid  satisfies  b<  X/(l-f  sin  e)  the  behaviour  of  this 
structure  can  be  described,  at  sufficient  distance  from  the  grid,  by  the  complex  amplitudes  of  a  reflected  plane 
wave  and  of  a  transmitted  plane  wave  only. 

It  has  been  found  possible  to  achieve  high  power  reflectivity  (>99.5%)  of  the  component  of  incident  E  Held 
parallel  to  wires,  while  reaching  total  transmission  of  the  perpendicular  component  at  the  given  angle  of 
Incidence,  with  relatively  thick  wires  (diameter  of  the  order  of  X/4).  Measurements  on  a  prototype  have 
confirmed  this  expectations.  The  losses  In  the  case  of  finite  conductivity  of  the  wires  material  have  been 
estimated  using  current  density  on  the  wire  surface  computed  in  the  case  of  perfect  conductor.  To  remove 
the  heat  generated  during  high  power  operation,  capillaries  (i.d.ssO.35  mm)  cooled  with  forced  water  must 
replace  the  wires. 

The  changing  of  the  polarization  of  the  beam  to  the  desired  one  i.s  performed  by  a  couple  of  Hat  corrugated 
mirrors  operating  at  an  angle  of  incidence  of  20  deg.  The  corrugations  are  semicircles  emerging  from  a 
plane.  The  radius  and  the  period  of  the  corrugations  have  been  determined  using  the  same  code  described 
above:  the  correct  boundary  condition  imposed  by  the  corrugated  surface  is  obtained  exciting  the  wire  grid 
with  two  plane  waves  in  counter-phase  and  anti  symmetric  with  respect  to  the  plane  of  the  grid.  Once  a 
geometry  which  determines  the  correct  phase  difference  between  the  reflection  coefficients  for  TB  and  TM 
polarization  has  been  found,  the  low  sensitivity  of  this  parameter  with  respect  to  variations  of  the  angle  of 
incidence  has  been  checked.  It  has  been  found  that,  due  to  the  small  angular  range  of  the  plane  wave 
spectrum  of  the  gaussian  beam  in  object  (waist  =14  1),  poor  mode  conversion  should  ari.se.  The  .same 
consideration  holds  as  the  wire  grid  is  concerned.  All  the  optics  have  their  dimension  transversal  to  the  beam 
near  to  four  times  the  local  radius  of  the  beam.  All  the  mirror  mountings  can  be  moved  along  slides  fixed  on 
a  common  Hat  base,  which  can  be  shifted  up  and  down  with  respect  to  the  framework.  The  position  of  the 
framework  with  respect  to  the  gyrotron  is  adju.stable  too.  A  two-direction  angular  adjustment  is  provided  for 
every  mirror  to  match  the  axis  of  the  waveguide  with  an  acceptable  angular  error  (0.5  mrad). 

The  beam  transmitted  across  the  beam  splitter  is  directed  by  the  mirror  0  of  fig.  1  into  the  calorimetric 
matched  load  ^  g),  It  is  made  of  an  hollow  copper  sphere  (600  mm  i.d.)  internally  coated  with  a  los.sy 
ceramic.  The  incoming  beam  has  its  waist  (»  8  mm)  placed  at  the  entry  hole  of  the  sphere;  a  diverging  mirror 
placed  in  the  bottom  of  tlie  sphere  has  been  designed  to  distribute  uniformly  the  first  pass  incident  power 
density  on  the  inner  surface.  An  external  forced  water  circuit  provides  for  cooling  and  permits  calorimetric 
measurement. 
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A  Proposal  for  a  Calorimtitric  Load  at  140  GHz  for  High  Power  HEll 

Transmission  Lines 

L.  Argenti,  A.  Bruschi ,  S.Cirant ,  G.Solari 

Istituto  di  Fisica  del  Plasma,  EURATOM/ENEA/CNR  Association  -  Milano  -  Italy 


ABSTRACT 

Power  measurements  in  mm-wave  systems  for  ECRH  are  essential  during  hot  tests  of  Qyrotrons  and 
transmission  lines.  A  matched  load  made  of  a  hollow  copper  sphere  Internally  coated  with  a  thin  layer  of 
absorbing  ceramic  is  proposed.  The  collimated  beam  radiating  into  the  sphere  from  the  waveguide  is 
defocussed  by  an  internal  scatterer  made  of  good  conductor.  An  appropriate  external  water  circuit  provides 
for  cooling  and  permits  calorimetric  measurement. 


1.  DESIGN  QUIDBLINES 

The  optic  theory  of  integrating  sphere  ‘  states  that  the  throughput  T,  defined  as  the  ratio  of  the  exiting  power 
to  that  entering  the  sphere,  is  given  by; 

TaR+Afl/fl-R-^fl-Ai)  (1) 

where  R  is  the  power  reflectivity  of  the  inner  surface,  Ae  is  the  ratio  of  the  exit  port  area  to  the  sphere  surface 
and  At  Is  the  ratio  of  the  summation  of  all  the  port  areas  to  that  of  the  sphere  surface. 

According  to  this  formula  a  low  throughput  (-22  dB,  diffused  radiation)  can  be  reached  with  relatively  high 
values  of  the  reflectivity  (55%),  for  appropriate  dimensions  of  the  sphere  (600  mm  i.d.;  input  hole 
diameters88.9mm).  A  diverging  mirror  ( a)  of  ng.  1 )  avoids  direct  reflection  of  the  energy  back  into  the  entry 
hole  and  spreads  uniformly  on  the  walls  the  Impinging  gaussian  beam.  A  phase  scrambling  reflector  has  been 
tested  as  an  alternative,  less  sensitive  to  the  amplitude  distribution  of  the  beam  to  be  dumped, 

Despite  the  different  range  of  wavelength  at  which  this  devices  find  common  application,  measurements  taken 
at  140  OHz  on  a  stainless-steel  sphere  of  168  mm  i.d.  gave  results  (flg.2)  of  the  same  order  of  magnitude  of 
that  predicted  bv  the  above  formula,  although  weak  resonances  were  observed  with  a  frequency  step  of  the 
order  of  10  MHz  .  Measurements  were  token  at  holes  drilled  at  different  position  both  covering  the  inner 
surface  of  the  sphere  with  moderately  absorbing  material  (neoprene,  .1  and  o  mm  thickness)  and  without  any 
additional  absorber. 

2.  DIELECTRIC  CONSTANTS  MEASUREMENT 

The  dielectric  constants  of  the  candidate  absorber  materials  for  the  inner  coating  were  estimated  from  power 
reflection  measurements  on  metal-  backed  samples  of  different  thickness,  launching  a  converging  polarized 
gaussian  beam  at  140  OHz  and  using  a  Thomas  -Keating  terahertz  absolute  power  meter. 

The  power  reflection  coefficients  for  the  polarizations  parallel  and  perpendicular  to  the  plane  of  incidence 
were  measured  at  different  angles  of  incidence.  For  eacn  material,  the  results  for  both  polarizations  for  two 
samples  of  different  thickness  were  best-fitted  using  the  real  and  imaginary  parts  of  the  dielectric  constant  os 
the  fitting  parameters. 

A  converging  polarized  gaussian  beam  at  140  OHz  was  made  to  impinge  on  each  of  the  samples,  and  the 
reflected  power  was  measured  using  a  Thomas- Keating  terahertz  absolute  power  meter 
The  reflection  at  the  metal-backed  sample  was  modelled  taking  fully  into  account  the  losses  of  the  dielectric 
material.  The  model  used  is  based  on  plane  wave  reflection  and  transmission  ^  improved  by  taking  into 
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account,  via  a  multi-beam  interference  process,  the  walkoff  effects  due  to  the  finite  transverse  dimension  of 
the  gaussian  beam. 

It  was  found  that  the  desired  power  reflectivity  range  (70%-40%  )  can  be  obtained  by  choosing  the 
appropriate  thickness  (  0.2  -  0.6  mm)  of  commercially  available  aluminium  oxide  -  titanium  dioxide  blend, 
deposited  by  plasma  spray  technique  on  metal  substrate. 


output  holo  ■  2S6 mm'  ~  "output  hoto  {AJ*  0.1  mnf 


*  oipofltnont  ■  oxpirlmonl 


Fig.l-  Calorimetric  load  (i,d,B'600  mm)  for 
(taussian  beam  like  radiation  a)  diverging  mirror  or 
pha^e  scrambling  surface,'  b)  input  flange. 


Fig,  2  -Throughput  (T)  vs,  reflectivity  (R)  for 
different  inner  coatings  and  exit  port  areas, 

Error  bars  account  for  measurements  at  different 
positions  and  for  cavity  re,sonances  effects. 


2u.GQQLINg..S.Y,STEM 

The  present  system  is  designed  for  a  500kW,  half  a  second  gyrotron.  The  corresponding  mean  thermal  load 
at  the  walls  is  45  W/cm^2,  which  is  2-3  times  lower  than  that  used  in  industrial  application  on  similar  water 
cooled  substrates,  Heat  diffusion  through  the  thin  ceramic  layer  to  the  highly  conducting  substrate  limits  the 
peak  temperature  in  the  coating.Taking  into  account  the  total  thermal  capacity  of  the  structure  (12. SKi/^C), 
the  mean  temperature  increase  induced  by  a  single  shot  is  of  20  ’’C.  The  power  from  the  trapped  pwave  beam 
is  dissipated  as  heat  to  a  coolant  flow.  Using  a  high  accuracy  measuring  turbine  and  two  precision 
temperature  measuring  sensors,  absorbed  power  can  be  calculated  from  the  flow  rate  and  the  temperature 
differential  of  the  coolant .  To  allow  CW  operation  a  more  effective  heat  removal  system  must  be  studied 
with  flow  rates  of  about  6  l/min  per  10  KW  absorbed  power. 
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DIFFRACTION  RADIATION  OSCILLATORS  FOR  HIQH-TEMPERATURE 
PLASMA  DIAGNOSTICS  AND  SPECTROSCOPY 

V.P.Shestopalovi  B.K. Skrynnlkt  I.D.Revlni  Q.P.Ermak 

Institute  of  Radlophyslcs  and  Electronics  of  the  Ukrainian 
Academy  of  Sclencesi  12Acad.  Proskura  st.| 

310086  Kharkov,  Ukraine 

A  variety  of  modifications  of  microwave  oscillators  with  high 
frequency  stability  have  been  developed  In  the  Institute  of 
Radlophyslcs  and  electronics  of  Academy  of  Sciences  of  Ukraine  for 
hlgh-temperature  plasma  diagnostics  and  spectroscopy.  One  of  them  Is 
named  diffraction  radiation  oscillator  (DRO),  An  operating  principle 
of  these  oscillators  is  based  on  the  diffraction  radiation  effect 
( Smlth-Purcell )  arising  when  an  electron  beam  skims  the  surface  of 
metallic  diffraction  grating  placed  on  one  open  resonator’s  mirror. 
They  have  a  low  level  of  frequency  noises  near  the  carrirer.  For 
example,  this  level  amounts  to  -96  dB/Hz  at  10  KHz  separation  from  the 
carrier.  Oscillators  are  retuned  in  a  wide  frequency  range  (20-309(}  by 
displacement  of  the  open  resonator's  mirror.  Main  characteristics  of 
the  DRO  at  cathode  current  0.1-0.12  A  and  cathode  voltage  2-3  kV  are 
given  In  the  Table. 

Two-millimeter  range  DROs  were  used  in  the  diagnostic  equipment 
of  cooperative  scattering  of  microwave  radiation  on  plasma  density 
fluctuations  on  the  Stellarator  L-2. 

For  the  diagnostic  equipment  there  has  being  developed  a  homodyne 
analyzer  of  asymmetric  spectra  and  module  of  assembled  DROs  for 
heterodyne  systems  of  the  reception  and  observation  of  scattered 
radiation  spectra  in  a  real  time  scale  on  the  base  of  DRO.  DROs  are 
synchronlzated  by  a  phase  lock  loop. 

For  the  plasma  ref lectometry  in  the  conditions  of  high  levels  of 
neutron  and  y  -radiation  an  autodyne  receiver-transmitter  with  the 
electron  signal  detection  has  been  developed  on  the  base  of  DRO.  DRO- 
autodyne  is  an  electron-vacuum  device  combining  functions  of 
generator,  amplifier,  heterodyne  and  mixer,  it  is  designed  for 
simultaneous  radiation  and  reception  of  electromagnetic  signals  of  the 
millimeter  wavelength  range. 

The  signal  detection  is  realized  by  an  inner  electron  detector 
which  consist  of  two  electrode,  one  of  which  is  transparent  for 
electrons,  and  the  other  Is  a  collector.  The  detector  current  is 
recorded  in  the  supply  circuit  of  the  collector. 

Advantages  of  the  DRO-autodyne  are  as  follows:  transmission  and 
reception  of  signals  along  one  waveguide,  absence  of  semiconductor 
elements,  a  possibility  of  detuning  relative  to  radiation  of  the  SHF- 
plasma  pumping  generators,  high  reliability  of  electron  detector. 

DROs  were  used  for  making  highresolutlon  spectrometer  of 
shortwave  part  of  millimeter  wave  range.  To  acheive  the  high 
resolution  of  spectrometer  DRO  is  phase  locked  by  reference 
oscillator.  Spectrometer  Is  designed  for  investigation  of  Inverse 
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characteristics  of  active  substance  of  traveling  wave  maser  in 
millimeter  wave  range,  spectral  characteristics  of  nucleus 
polarization  targets  by  EPR  with  purpose  of  search  for  new  substances 
and  methods  to  obtaxn  the  high  extent  of  nucleaus  polarization. 


TABLE 


Device  *  s 
type 

Range 

mm 

« 

Output 
power  ,W 

Electron  Tuning  transcon- 
frequency  ductance 
tuning, MHz  MHz/V  MHz/mA 

DRO-1 

0.8-1. 1 

0. 6-0.1 

26 

0.6-0, 7 

0.1-0. 7 

DRO-1 . 5 

1.1-1. 8 

0.1-1. 8 

25 

0.6-0. 7 

0. 1-0.6 

DRO-2 

1.7-2. 6 

0.3-2. 6 

30 

0.4-0. 6 

0.1-0. 6 

DRO-3 

2. 5-3. 9 

0. 6-6.0 

35 

0 . 3-0 . 6 

0.1-0. 3 

DRO-4-6 

3. 8-6.0 

1.4-10 

40 

0.2-0. 4 

0. 1-0.4 

DRO-6-8 

5. 9-8.0 

3.0-30 

60 

0.1-0. 3 

0.1-0. 3 
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Telescope  Design  Study  for  the  NASA  Stratospheric  Observatory  for  Inft'ared  Astronomy  (SOFIA) 

George  W.  Sutton  H.M.  Martin  Hons  Kfircher 

Kent  Pflibsen  Steward  Observatory  Mirror  Laboratory  MAN  GHH 

Kaman  Aerospace  Corporation  University  of  Arizona  Gustavsburg,  Qennany 

Optical  Developmetit  Center  Tucson,  Arizona 

Tucson,  AZ  85706 


ABSIRAa 

A  conceptual  design  study  was  performed  for  the  proposed  "SOFIA"  project,  which  is  a  2.3-f  meter  primary  telescope  to  be 
mounted  in  an  open  port  on  the  side  of  a  Boeing  747  aircraft,  aft  of  the  wing.  Among  the  requirements  are  pointing  stability 
of  0.14"  per  axis  and  a  blur  circle  of  1.5"  for  the  telescope  in  the  visible  portion  of  the  spectrum.  The  wavelength  band  is 
from  0.3  lun  to  1600  pm.  The  telescope  Is  to  be  a  Nasmyth  type  so  that  Uie  instrument  package  extends  Into  the  pressurised 
cabin  for  easy  access  to  tlie  experimenter.  The  designs  studied  included  a  centered  bearing  telescope,  a  dumbbell 
conflguratlon  similar  to  the  Kulper  Airborne  Observatory,  and  on  off'oxls  configuration  with  no  obscuration,  Both  attached 
and  unattached  Nasmyth  tube.*  were  considered.  The  latter  requires  an  articulated  tertiary,  so  scan  noise  was  calculated.  A 
nonlinear  tracking  model  was  used  to  determine  the  closed  loop  pointing  stability.  Observable  star  magnitudes  were 
calculated.  A  survey  of  primary  mirrors  was  perfonned,  with  the  spln*cast  torosilieate  honeycomb  sandwich  mirror  having 
the  best  overall  qualities,  Tlie  remaining  mqlor  issues  were  identified,  including  fabricating  the  air  bearing  and  a  laboratory 
demonstration  of  the  pointing  stability  in  the  prc,sence  of  tlie  aircraft  vibration  spectra. 

PRIMARY  MIRROR 

The  thermal  response  and  figure  maintenance  of  tlie  primary  mirror  ore  primary  considerations.  A  survey  was  taken  of  both 
meniscus  and  honeycomb  sandwich  mirrors  fabricated  by  various  techniques  including  frit  bonding,  machining  from  a  solid 
blank,  and  spin  casting.  All  except  tiie  last  can  be  made  from  very  low  expansion  glass,  such  as  ^rodur'^'M.  An  important 
requirement  of  the  primary  mirror  is  rapid  cool  down.  The  recovery  temperature  in  the  telescope  cavity  will  be  about  240'*K. 
Thermal  equilibration  of  the  reflective  surface  of  the  telescope  Is  important  to  minimize  the  infrared  background  noise,  The 
telescope  cavity  will  be  precooled  prior  to  aircraft  takeoff,  but  tills  cannot  be  achieved  from  all  airfields.  Hie  honeycomb 
.sandwich  mirror  with  forced  ventilinlion  will  achieve  a  time  constant  of  about  40  minutes,  which  is  adequate.  A  diagram  of 
the  forced  ventillation  is  shown  in  fig,  1,  and  a  top  view  of  the  honeycomb  sandwich  mirror  is  shown  in  fig.  .2.  The 
meniscus,  with  a  thickness  of  6  to  10  cm,  requires  2  iiours  which  is  a  mi\jor  |>enalty  for  some  observations.  While  ZerodurTM 
has  a  very  low  expansion  coefficient  at  room  temperature,  it  is  much  higher  at  low  temperatures.  Another  consideration  is 
tliermal  distortion  after  cool  down.  For  the  borosillcate  to  be  ndquate,  the  properties  must  be  uniform.  If  the  properties  vary 
with  spatial  frequency  f,  then  tlie  maximum  peak-to-valley  figure  error  is  given  by  2^^aAT/f2h,  where  h  is  the  mirror 
thickness.  AT  is  tlie  total  temperature  change  of  the  mirror,  and  a  is  die  coefficient  of  thermal  expansion.  For  a  p-v  of  0.1 
pm,  the  requirement  is  tliat  a<8E'9K'‘.  The  boroslllcate  glasses  can  achieve  2E-9K''.  Rapid  heating  could  occur  during  an 
emergency  descent.  There  is  a  temperature  rate  resU'iction  of  94°K/hr  on  the  borosilicate  glass  to  prevent  stresses  from 
exceeding  100  psi.  This  can  be  mitigated  by  bleeding  dry  cold  nitrogen  into  the  cavity  (to  prevent  condensation)  if  the  cavity 
door  can  be  closed.  A  novel  method  of  checking  tlie  figure  of  entire  telescope  was  conceived  which  utilizes  a  pentaprism. 
The  mirror  would  be  supported  with  a  wiffle-tree  arrangement  using  passive  hydraulic  rolling  diaphragm  cylinders 

TELESCOPE  GQNFinURATlQN 

The  KAO  telescope  configuration  is  a  Cassegrain  on  a  dumbeil.  Initial  analyses  of  this  configuration  for  SOFIA  indicated 
aircraft  banslational  vibration  would  cause  excesstlve  bending  of  the  Nasmytli  tube  which  made  the  pointing  stability 
marginal.  We  initially  examined  a  design  with  die  air  bearing  in  a  cage  enclosing  die  entire  telescope,  see  fig.  3,  which 
would  obviate  tliis  problem.  In  addition,  it  minimizes  the  torques  caused  by  aerodynamic  steady  and  unsteady  forces. 
Howerver,  dierc  was  insufficient  clearance  between  the  two  buiklicads  to  m^e  tliis  concept  practical.  There  were  also 
difficulties  involved  in  removing  die  primary  mirror  for  servicing.  We  also  examined  an  off'OXis  coiinguration  which  avoids 
IR  emitting  structure  in  the  Held  of  view,  and  could  hove  a  cold  stop  and  cold  down  beam  mirrors.  This  part  of  the  design 
study  was  not  completed.  However,  we  were  able  to  redesign  the  dumbeil  configuration  to  Increase  its  stiffness  and  shorten 
die  length  of  the  Nasmyth  tube,  see  figure  4.  This  was  analyzed  for  backing  stability,  which  is  marginal  only  if  the  unsteady 
wind  torque  is  209fi  of  the  steady  torque.  Much  lower  unsteady  torques  may  be  achieved  with  die  use  of  the  aft  fairing  on  the 
cavity.  Note  the  excellent  design  of  die  torquers  and  the  active  vibration  isoladon  system  shown  in  fig.  4.  The  structural 
material  chosen  is  carbon  reinforced  plasdc  becnu.se  of  its  high  imxlulus  and  low  expansion  coefficient. 


The  height  of  the  aircrnfl  cavity  periiiilted  a  fuli  tyi.6  teiescope,  and  tiie  shortened  Nasmyth  tube  a  back  f/#  of  f/12.  A  fuli 
optical  pcrfonnnnce  analysis  was  pcrfnnned  using  ZEMAX.  All  tolerances  could  be  achieved  easily.  It  is  planned  to  have 
active  laser  metrology  of  the  secondary  decenter  and  tilt,  which  we  have  designed  for  other  systems.  A  concern  was  the 
clastic  compliance  of  the  rolling  diaphragm  hydraulic  supports  for  die  primary  mirror  will  change  the  primary  to  secondary 
spacing  due  to  aircraft  vibration.  A  two-degree  of  freedom  analysis  showed  diat  for  the  vibration  spectrum,  the  spacing 
would  not  exceed  the  tolerance  if  the  damping  of  bodi  die  hydraulic  supports  and  telescope  "ibradon  isolation  system  was 
about  1/2  that  of  critical  damping.  A  detailed  analysis  of  scan  noise  was  conducted.  It  was  found  that  a  scanning  secondary 
caused  a  factor  of  10  reduction  in  sccan  noise  compared  to  an  active  tertiary.  The  effect  of  dust  on  scan  noise  was  included; 
our  onniysis  should  that  the  dust  noise  is  a  factor  of  5  greater  than  those  of  the  thermal  (rK)  Inhomogeneity  noise  and  is 
acceptable  for  a  tracking  error  PSD  amplitude  <  0.3  |ir/vHz.  'Die  telescope  Is  inertially  stabilized;  a  guide  star  magnitude  of 
18  should  give  a  S/N  of  10  for  the  guide  star  loop  bandwidth  of  2  Hz. 
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Fig.  1.  Side  view  of  part  of  the  ventlllution  .system. 
It  includes  multiple  fans  ond  heat  exhangers  and 
plastic  nozzles  25  mm  In  diameter  directed  toward 
each  honeycomb  cell. 


Fig.  2.  SOFIA  honeycomb  sandwich  2.5m  f/1.6  mirror 
.showing  support  points. 


Fig,  4.  Improved  dumbbell  configuration  for  SOFIA. 
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Abstract  i 

To  prepare  the  tpaee  pregram  on  aeirophpeiet,  the  deveiepmeni  of  a  balloon-home  obeervatorp  (PRONAOS)  , 
including  a  2  metre  lelncope  aetoektad  with  a  eubmilUmetre  heterodyne  epeetromtter  for  radioaetronomy, 
hae  been  supported  by  the  french  epace  agency  (CNESl, 

The  racetvor  ineludte  a  SIS  miser  using  NbtAlOsfNb  tuniMl  /undtoM  operating  at  4K,  a  t  OHs  IF  low-noise 
cooled  preamplifier,  a  10  tfuasi-opUealy  injected  with  a  phase  locked  Gunn  oeeillatof  and  two  cascaded 
frequency  multiplkre,  Notes  lemperelure  as  lew  as  300  K  hae  bten  obtained  ;  lest  than  200  K  k  expeetad,  An 
Aeoueto-Optieal  Spectrometer  (AOS)  k  need  for  high  resolution  (v/Av"10*)  spectral  analyek.  Thk  inetrumeni  tdO 
be  used  to  simultaneously  detect  the  363  GHi  0]  and  the  380  GHs  HfO  lines  in  the  interstellar  medium. 
Observations  in  this  part  of  the  spectrum  requires  low  atmospheric  water  vapor  and  oxygen  molecule  emission, 
so  that  the  kisseope  will  fly  under  a  1  000  OOOm^  balloon  at  an  altitude  of  "  37  km. 

MNTItODUenON 

Obaervatlona  from  a  atratoapherlc  balloon  are  unobatructed  by  the  atmosphere  which  is  opaque  at 
Bubmlllimetre  and  far-infrared  wavelengths  from  the  ground  .  For  this  reason,  a  submilllmater 
balloon-borne  observatory  (PRONAOS)  Is  being  develop*^  under  the  responsibility  of  the  (CI>1BS)  to 
prepare  the  future  space  programme  in  radioaetronomy. 

PRONAOS  is  Intended  to  provide  a  facility  for  long  duration  flights  (20-40  h)  of  an  altitude  of  37  km. 
It  consists  of  a  stabilized  gondola  supporting  a  2m  diameter  telescope,  associated  alternately  with  an 
Infrared  multiband  photonwter  or  a  submlUlmeter  heterodyne  high  resolution  spectrometer. 

The  two  meters  segmented  telescope  Is  made  by  MATRA-Bspace  with  a  light  wel^t  primary  mirror 
witch  is  a  Cassegrain  telescope  with  a  focal  ratio  P/20.  This  teleMope  Is  pointed  (accuracy  of  IS  arc 
seconds)  with  a  three  axis  system. 

The  focal  plane  instruments  are : 

.  A  spectrophotonwtre  (S.P.M.)  using  Hes  cooled  bolometers,  dichotes  filters,  on  the  field  180  pm  - 1.2 
mm(4bandes) 

.  An  heterodyne  spectrometer  receiver  (S.M.H.)  with  high  resolution  v/Av*<10*  will  operate,  in  the 
first  generation,  to  detect  simultaneously  the  366  GHz  (0|)  and  the  380  GHz  (H|0)  lines,  with  a  next 
goal  of  operating  up  to  SOO  GHz. 

2  -  SUBMILUMBTItB  HETERODYNE  RECBIVBR  (8MH) 

A  block  diagram  of  our  submlllimeler  wave  heterodyne  spectrometer  is  shown  In  the  figure.  Rotation 
for  a  flat  mirror  set  allows  the  calibration  of  the  receiver  by  commuting  the  incoming  bMm  from  the 
telescope  between  a  hot  and  a  cold  load.  Due  to  the  short  wavelengths,  a  quasl-optlcal  free  space 
propagation  is  adopted.  A  Mach-Zehnder  diplexer  Is  used  for  the  374  GHz  local  oscillator  signal 
injection  into  the  mixer. 

Receivers  using  SIS  tunnel  junctions  have  shown  better  sensitivities  than  Schottky  diode  receivers 
operated  at  ndlllmeter  and  submlUlmeter  wavelengths.  Theoretically,  sensitivities  approaching 
the  quantum  limit  can  be  achieved.The  Nb/Al-AlaO,/At  SIS  junctions  with  small  areas  and  sharp  I- 
V  curves  have  been  successfully  fabricated,  dc  measured  and  integrated  in  the  mixer  (11.  The  smallest 
area  achievable  with  our  process  is  about  0.9  pm<  whith  high  current  densities  (210  kA/cm>  K  Arrays 
of  2  junctions  wlUi  this  area,  have  been  made. 

The  380  GHz  SIS  mixer  was  designed  from  B.  EUlson  (RAL)  with  an  Integrated  IF  matching  circuit 
and  two  integrated  superconducting  colls ;  it  has  been  teeted  over  a  40  GHz  LO  bandwidth  (2).  The  best 


receiver  npiae  temperature  (300  K  DSB)  has  been  measured  with  an  array  of  a  couple  of  junctions  in 
series  having  an  effective  surface  of  0.47  pm2.  The  lower  mixer  noise  temperature  is  around  100  K  at 
the  LO  frequency  «  374  GHz. 

The  374  LO  source  has  been  made  with  a  fundamental  InP  Gunn  OsdUator  at  93.5  GHz  followed 
by  two  ascaded  GaAs  varactor  doublers  (3).  This  subsystem  provides  enough  power  (>10pW)  to  drive 
the  SIS  mixer . 

The  intermediate  frequency  (IF)  is  chosed  at  5.85  GHz  to  allow  the  simultaneous  detection  of  the  O] 
line  in  the  lower  band  at  3^  Gl^  and  the  HiO  line  in  the  upper  band  at  380  GHz.  The  IP  output  feeds 
a  specially  designed  cooled  low-noise  HEMT  amplifier  with  a  gain  of  30  dB  (4).  The  signal  is  then 
amplified  at  room-temperature  ,  down  convert^  at  2  GHz  and  coupled  to  the  acousto-optlcal 
spectrometer  (AOS)  subsystem.  The  lesolutlon  of  800  kHz  is  available  on  800  MHz  bandwidth  (1000 
channels ;  <■  2000  pixels). 

Data  acquisition  and  controls  :  an  In-board  computer  can  control  the  receiver  (house  keeping)  and 
compact  the  dates  to  send  them  to  the  ground  station.  The  transmission  flow  from  the  Instrument  is 
about  15  kbps. 

Cryogenics  :  the  constraints  and  requirements  for  the  cryogenic  system  are  :  3.5  K  operating 
temperature  with  a  40  hours  lifetime.  The  baseline  design  is  a  liquid  Helium  dewar  with  a  40  K  stage 
screen  for  the  IP  cooled  amplifier. 


3 -CONCLUSION 


The  PRONAOS  submillimetre  SIS  receiver  (5)  Is  under  development  at  Meudon  observatory.  The 
balloon  lauch  from  Port  Sumner  (USA)  is  schedule  on  may  1995  to  detect  the  O2  and  HjO  molecules  in 
the  interstellar  medium  in  our  galaxy. 

Tills  Instrument  is  the  first  steep  for  the  future  space  submillimeter  heterodyne  receivers  (generation 
2000'8)  in  which  Meudon  observatory  is  involved  :  submm  Explorer  (SMIM)  with  Caltech  JPL,  NASA 
(USA),  FIRST  (far  infrared  space  telescope)  with  ESA  ... 

Acknowledgmenti  1  The  studies  have  bran  financed  and  supported  by  the  French  Space  Agency 
(CNES),  with  the  technical  advices  of  CESR,  Bordeaux  observatory  . 
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1 .  iwraoDtrerioM 

Millimeter  wave  radiometers  are  being  Increasingly  uaed  for 

glasma  diagnostics  and  remote  sensing  applloatloni .  To  date 
owever  the  widespread  use  of  such  systems,  partlcuiurly  for 
applications  requiring  frequency  coverage  above  lOO  OKz,  have 
been  Inhibited  by  the  lack  of  availability  of  an  appropriately 
specified  commercial  package.  This  paper  outlines  the  design  and 
construction  of  such  a  radiometer  package  and  gives  details  of 
results  obtained  to  date. 


2...SYSaBM,  OYBRVIBW 

The  radiometer  has  7  channels,  one  each  at  20.6  QHz,  31. S 
GHz  and  150  GHz,  and  4  channels  at  183.3  GHz.  It  Is  contained 
within  a  weatherproof  enclosure  and  temperature  stabilised  to 
better  than  0.002  deg.C/mln.  The  radiometer  operates  In  a  total 
power  mode  with  frequent  calibration  using  Internal  hot  and  cold 
loads.  The  cold  load  uses  liquid  nitrogen  to  achieve  a  low 

temperature  reference  and  has  a  minimum  operating  time  of  3 
hours.  A  front-end  quasi-optioal  system  defines  the  beamwldtha 
and  splits  the  Incoming  radiation  Into  3  bands  at  20/30  GHz,  150 
GHz  and  183  GHz.  The  frequency  splitting  Is  accomplished  using  2 
dlohrolo  plate  filters  as  Illustrated  In  the  schematic  In  Figure 
1.  The  optical  design  was  developed  using  simple  Gaussian  beam 
techniques  and  refined  using  modal  analysis.  Subharmonlo  mixers 
were  chosen  for  the  150  and  183  GHz  receivers  as  these  have 
significant  cost  and  layout  advantages  over  the  conventional 
single-ended  approach.  The  mixers  are  located  on  the  optics 

Jlate  to  minimise  front-end  losses.  The  20/30  GHz  band  Is  split 
n  a  waveguide  dlplexer  and  downoonverted  using  balanced  mixers. 
The  mixers  are  mounted  on  the  rear  of  the  optics  plate  and  linked 
by  waveguide  to  the  feed. 


The  detected  output  from  each  channel  Is  fed  to  a  video 
processor  which  Integrates  and  amplifies  the  signals  prior  to 
digitisation  and  subtracts  an  offset  approximately  equal  to  the 
noise  contribution  of  the  radiometer.  This  maximises  the 
resolution  of  the  retrieval  system  In  the  range  of  Interest 
0-330K.  The  offset  Is  corrected  during  each  calibration  cycle. 
The  processor  Is  also  fitted  with  a  nulling  circuit  which 
periodically  corrects  for  level  changes  due  to  temperature 
drifts.  The  processed  video  Is  digitised  using  a  14  bit  DAC. 
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Th«  system  software  runs  on  an  IBH  compatible  PC.  The  PC  Is 
linked  to  the  radiometer  using  an  RS232~C  serial  Interface.  The 
radiometer  has  a  dedicated  controller  which  responds  to  commands 
from  the  PC  and  supervises  the  operation  of  the  radiometer 
hardware.  The  PC  displays  the  retrieved  scene  temperatures  In 
real  time  and  logs  the  scene  temperatures  and  raw  data  to  disk 
for  subsequent  analysis. 


Results  to  date  Indicate  a  retrieval  precision  of  better 
than  0.35K  RMS  In  channels  1-6  and  IK  RMS  In  channel  7  with  an 
Integration  time  of  1  second. 

A  low  cost  compact  total  power  radiometer  package  suitable 
for  a  range  of  applications  has  been  developed.  The  radiometer 
has  Integrated  hot  and  cold  loads  to  facilitate  frequent 
calibration.  Data  acquisition  Is  performed  on  a  standard  PC. 
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IR  DETECTORS  FOR  SPACBBQRNE  APPLICATIONS 
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Anchorage  Road.  Portsmouth 


The  aim  of  the  present  paper  is  to  discuss  the  application  of  IR  detectors  and  focal  plane  concepts  to  spaceborae 
remote  sensing  in  terms  of  performance  requirements  and  current  technology.  Critical  aspects  such  u  detector 
characterisation,  nuterlal  selection,  pre  and  post  detection  processing,  interconnection  methodologies  will  be 
reviewed  in  the  context  of  a  number  of  space  programmes.  Additionally,  the  strong  Interdependence  of  the 
detector  conflguration,  overall  radiometer  design  and  platform  operational  conditions  la  identified  and  shown  to  be 
a  rn^jor  constraint  on  the  configuration  of  space^bued  Instruinents. 

The  role  of  spacebome  remote  sensing  was  firmly  establl^ed  in  1972  with  the  launch  of  Landsat-1  carrying  a 
multi-speetrii  scanner  designed  to  provide  images  in  several  visible  and  reflective  IR  bands  (O.S-0.6, 0,6-0.7, 
0,7-0.8  and  0,8*1.  l^m).  The  Landsat  series  of  spacecraft  have  produced  Barth  resources  data  with  applications  as 
diverse  as  mineral  and  petroleum  exploration,  forestry  and  land  use.  Subsequent  satellite  missions  have  continued 
and  extended  the  role  of  IR  remote  sensing.  In  addition,  satellite  generated  IR  Imagery  provides  data  for 
oceanographic  and  atmospheric  studies,  meteorology  and  surveillance,  The  number  of  applications  is  continuously 
growing. 

Different  missions  tend  to  have  marked  differences  in  the  range  of  their  objectives  and  it  therefore  follows  that  the 
corresponding  detector  system  is  application  specific.  For  example,  measurements  are  generally  required  in  a 
particular  waveband  which  then  defines  the  range  of  usable  detector  technologies.  In  the  assessment  of  choice  of 
detector  type,  a  mqjor  consideration  is  performance.  Parameters  which  must  be  optimised  Include  the  time 
constant,  signal  to  noise  ratio,  sensitivity,  spectral  response,  uniformity  of  response  and  operating  temperature.  In 
addition,  minimization  of  the  number  of  interconnections  with  post  focal  plane  usembly  should  a  design  aim  as 
well  os  optimisation  of  the  thermal  interface  between  the  detectors  and  post  focal  plane  electronics. 

Barth  observation  systems  can  be  based  on  either  single  or  multiple  element  detector  configurations.  To  produce  on 
image  with  a  single  detector  element,  some  torm  of  mechanical  scanning  is  required.  An  example  of  such  a  system 
is  the  current  Meteosat  programme  which  utilises  a  scanning  mirror  in  the  N-S  direction,  the  rotation  of  the 
satellite  giving  the  B*W  scan.  If  the  Meteosat  progranune  were  to  adopt  a  staring  array  approach,  an  array  of  2500 
X  2500  elements  would  be  required  to  image  the  Barth  disc  at  the  current  5  km  resolution.  IR  storing  arrays  with 
256  X  256  elements  are  currently  available,  larger  arrays  will  be  possible  as  technology  evolves. 

Multiple  element  or  staring  arrays  require  little  or  no  mechanical  scanning  which  may  be  an  Important  advantage 
in  terms  of  reliability  and  vibration  control.  Also  the  image  cells  are  observed  In  parallel  rather  than  sequentially 
u  for  scanned  images.  This  throughput  advantage  can  allow  either  a  more  rapid  image  update  or  a  reduced  optic 
aperture.  The  disadvantages  of  staring  arrays  include  manufacturing  difficulties,  complex  electronic  processing 
and  focal  plane  cooling.  Using  a  large  array  also  requires  that  aberrations  (such  os  Petzval  curvature)  ore 
minimised  across  the  image  plane.  There  are  significant  system  difficulties  associated  with  the  use  of  staring  arrays 
at  geosynchronous  altitudes.  In  order  to  ensure  good  geometrical  image  quality  and  reproducibility,  the  platform 
must  be  very  stable  and  employ  a  sophisticated  attitude  control  sub-system.  In  addition,  the  Instrument  will  be 
subject  to  solar  flux  for  a  significant  period  of  the  year  which  will  impact  on  Instrument  thermal  control. 

Earth  resources  satellites  can  use  small  detector  arrays  in  conjunction  with  small  angular  swath  width  scans  to 
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produce  ground  coverage  with  a  low  repeat  frequency.  The  Landsat  Multi-Spectral  Scanner  provides  18S  km 
swath  width  imagery  with  a  repeat  frequency  of  18  days  using  an  array  of  six  detectors  per  band.  High  resolution 
applications,  for  example  for  vegetation  discrimination  studies,  may  lead  to  use  of  larger  arrays  to  maintain 
coverage  rate. 

In  general,  scanning  systems  have  been  preferred  for  Earth  observation,  particularly  in  geosynchronous  orbits,  as 
in  the  case  of  Meteosat.  Currently,  however,  there  is  a  trend  towards  utilising  payloads  with  larger  arrays  which 
will  increase  individual  Instrument  coverage  rate  and  minimise  the  number  of  platforms  needed  for  high  repeat 
frequency  applications.  The  SPOT  HKV  instrument  uses  an  array  of  6000  detectors  in  push-broom  mode  to 
provide  high  resolution  images.  The  Instrument  can  be  repointed  to  allow  reimaglng  fiequencies  of  up  to  1 1  times 
In  26  days. 

To  meet  the  needs  of  satellite-based  remote  sensing  systems,  radiometers  are  required  to  operate  over  wide  spectral 
bands  including  visible  and  IR.  A  number  of  detectors,  which  encompass  this  spectral  band,  are  described  here  in 
the  context  of  cUiTent  or  proposed  space  programmes.  These  include  semiconductor  P-N  junctions  which  operate 
over  the  visible  to  near  IR  band,  Silicon-based  photodiodes  have  been  used  on  a  number  of  programmes  Including 
ATSR,  Meteosat,  SPOT  HRV  and  IRS.  Another  type  of  detector  used  in  the  near  IR  is  InOaAs  which  is  currently 
proposed  for  Meteosat  Second  Generation  and  HRVIR,  the  enhanced  SPOT  4  instrument.  GMT  based  detectors 
are  also  another  extensively  used  detector  type.  These  can  be  used  in  either  a  photovoltaic  or  photoconductive 
mode  although  the  latter  is  generally  preferred  for  longer  wavelengths  (as  used  on  the  Meteosat  Transitional 
Programme).  Operation  at  wavelengths  above  20Mm  generally  requires  the  use  of  thermal  detectors  (bolometer  or 
pyroelectric)  as  used  on  the  Nimbus  meteorologlctd  satellites  and  which  have  been  considered  for  the  OBRB 
radiation  instrument.  However,  new  detectors  such  as  SiOa  are  now  available. 

In  addition  to  fUimilng  operational  requirements,  detectors  must  undergo  a  flight  quallflcation  programme  to 
ensure  their  capability  of  surviving  the  acoustic  and  vibration  levels  associated  with  launch.  Uncooled  detectors 
and  electronics  must  undergo  theimal  cycling  over  a  temperature  range  exceeding  operational  limits.  Other 
requirements  exist,  many  of  which  are  application  speciflo.  For  example,  on  station  detectors  will  require  a 
window  to  provide  protection  against  degradation  by  satellite  thruster  efflux  and  micro  meteorite  Impact, 
Additionally,  the  satellite  will  be  in  a  radiation  environment  (defined  primarily  by  orbital  altitude)  and,  as  such,  the 
detector  design  must  be  shown  to  be  capable  of  maintaining  required  performance  throughout  its  lifetime. 

Limitations  on  mass,  power  and  accommodation  will  place  restrictions  on  the  size  of  cooled  arrays.  In  addition, 
focal  plane  vibration  due  to  mechanical  coolers  Is  undesirable.  Therefore,  detector  technology  which  allows 
operation  at  the  maximum  temperature  compatible  with  performance  requirements  should  be  selected.  However, 
the  advent  of  low  vibration,  long  life  cryocoolers  will  allow  larger  arrays  to  be  accommodated  than  have  been 
previously  been  possible. 

As  the  scale  of  detector  arrays  increases  so  will  the  demand  on  readout  circuitry.  Hybrid  technology  allows  the 
detector  and  readout  circuitry  to  be  optimised  separately.  However,  this  creates  problems  with  the  Interconnection 
of  the  two,  namely  thermal  expansion  mismatch  and  chatie  lt\jection  efflciency  which  requires  a  higher  detector 
Impedance  to  match  the  electrical  characteristics  of  the  multiplexer  input,  CMOS  or  NMOS  technology  will  allow 
multiplexing  circuits  to  be  made  which  ore  smaller  and  lighter  and  with  a  lower  power  consumption  than  is 
possible  using  CCDs.  MOS  technology  can  support  on-plone  signal  processing  which  will  allow  greater  hmctlonal 
flexibility  and  reduce  the  requirement  on  electronics  subsystems. 

In  summary,  remote  sensing  programmes  have  demonstrated  the  advantages  of  satellite  based  Earth  observation 
systems.  The  ever  increasing  demands  on  Instrument  performance  have  been  partially  met  through  Improvements 
in  detector  arrays,  readout  techniques  and  cooling  technology.  However,  many  applications  are  now  restricted  by 
the  instrument  optics,  platform  and  space  environment  rather  than  those  restrictions  Imposed  by  detector 
technology.  Although  a  detector  element  and  telescope  may  readily  produce  a  ground  resolution  of  a  few  metres, 
the  pointing  stability  required  (typically  subarcsecond)  cannot  be  easily  afforded  by  the  platform. 


608 


F2.5 


QuMl-onUcal  trlBlexina  feed  for  loacccraft  radiometer. 


RJ  Martin  and  WJ  Mali, 

HAe  Space  Systems,  Bristol,  UK. 


1.  INTRODUCTION 

A  sounding  radiometer  called  AMSU-B  has  been  developed  for  the  UK  Met  Office.  It  is  designed  to  measure  altitude  profiles 
of  atmospheric  water  vapour  over  a  ±  50“  swath  from  low  Earth  orbit.  Upwelling  radiation  is  collected  by  a  common  aperture 
dual  reflector  with  a  rotating  90*  offset  main  dish.  A  quaai-opticai  (QO)  trlplexTng  feed  then  successively  separates  the  Input 
into  frequency  bands  at  89  OHz,  ISO  OHz,  and  183.3  OHz  by  means  of  dichroic  filters,  and  conveys  it  to  the  appropriate  receivers 
via  chains  of  off-axis  mirrors  [1].  We  present  here  predicted  and  measured  performance,  and  describe  the  desim  method  required 
to  meet  the  following  constraints  for  all  three  channels:  beam  efficiency  k  95%,  half-power  beamwidtn  1.1*  1 10%,  and 
temperature  measurement  accuracy  of  1.0  K.  The  bandwidths  are  3  OHz  for  the  two  low  frequency  channels,  and  16  OHz  for 
the  183  OHz  channel. 

1  DESIGN  AND  PERFORMANCE 

We  have  developed  a  powerful  and  versatile  method  for  designing  quasl-optlcal  (QO)  systems  that  retains  the  intuitive  upects 
associated  with  simple,  quantifiable  rules,  and  adds  to  that  the  accuracy  and  detail  of  a  full  numerical  analysis.  It  is  based  on  the 
iterative  use  of  a  number  of  complementary  routines  described  below.  The  QO  front-end  for  the  AMSU-B  radiometer  was 
produced  using  this  scheme. 

2.1  Gaussian  Beam-mode  analysis 

OB  analysis  has  been  used  for  many  years  to  describe  QO  propagation  for  both  circularly  symmetric  and  elliptical  or  astlmatlc 
beams  [2-4].  To  apply  the  approach  successfully  to  systems,  the  form  of  the  beam  emergent  from  any  component  within  the 
system,  such  as  rufleotors,  lenses,  and  dichroic  filters,  must  be  readily  predictable  In  terms  of  modifications  to  the  incident  Oausslan 
distribution.  Similarly,  the  radiation  pattern  of  any  antenna  used  to  couple  an  active  device  to  the  QO  system  must  also  be 
well-described. 

Any  additional  appllcation-speolfio  requirements  must  also  be  catered  for.  For  example,  rotation  of  the  copolar  E-veotor  on 
reflection  from  an  arbitrarily  oriented  surface  in  3-D  may  be  important.  Volume,  mass,  and  cross-polar  constraints  may  also  be 
present.  When  they  have  all  been  accounted  for,  a  framewotx  of  simple,  easy  to  visualise,  and  perhaps  more  importantly, 
quantifiable  rules  emerges.  It  is  this  which  is  used  to  generate  and  compare  quickly  alternative  desiips  [S]. 

2.2  The  Physical  Optics  suite 

While  the  OB  method  Is  excellent  for  generating  preliminary  desi^s,  it  will  not  provide  detailed  performanen  figures.  The  PO 
suite,  on  the  other  hand,  is  well  suited  to  the  numerically  Intensive  task  of  evaluating  a  multi-element  antenna  system  in  aufficlent 
depth  to  allow  the  design  to  be  optimised.  It  provides  detailed  Information  on  the  form  of  the  fields  at  a  chosen  output  Interface 
based  on  the  predicted  (or  measured)  fields  at  the  Input  interface.  Included  in  the  information  are  the  levels  and  locations  of 
sidelobes  and  crosa-pular  peaks,  the  orientation  of  the  co-polar  E-vector,  the  beam  efficiency,  and  the  shape  of  the  beam  far 
from  boreaight.  The  routines  cater  for  shaped  reflectors  with  arbitrary  perimeters,  allowing  both  mechanical  tolerances,  and  the 
effects  of  truncations  and  surface  finishes,  to  be  explored. 

For  AMSU-B,  the  PO  routines  used  a  suite  of  mode-matching  algorithms  to  generate  the  outputs  from  the  feedhoms  (see  below), 
and  propagated  these  through  all  the  optics  and  on  into  the  far-fiwd  of  the  dual-reflector  antenna.  The  match  between  prediction 
and  measurement  for  the  89  and  183  OHz  channels  with  the  main  dish  rotated  away  from  nadir  by  49*  is  shown  In  Figures  1  and 
2  respectively.  The  89  OHz  channel  contains  7  elements  including  two  drilled-plate  dichroic  filters  and  a  linear  taper  corrugated 
Bcelat  feedhom.  The  8  elements  in  the  183  GHz  channel  include  one  drilled-plate  filter,  and  a  scalar  feed  horn  with  a  profiled 
inner  taper.  In  neither  case  was  measured  data  substituted  for  predicted  data  at  any  location  within  the  system. 

2.3  CA11A 

CATIA  is  a  commercial  3-D  CAD  package.  Its  uses  here  are  two-fold,  firstly  to  check  for  obscurations,  volume  Infringements 
etc.,  and  secondly  to  generate  suitable  desims  for  the  component  mounts.  Since  both  tasks  are  being  carried  out  on  the  same 
model  it  is  easy  to  see  huw  they  interact.  The  view  in  Figure  3  was  generated  on  CATIA,  and  shows  representational  beams 
travelling  through  AMSU-B.  It  illustrates  volume  and  component  re-use.  The  compactness  of  the  design  becomes  apparent  in 
the  view  reproduced  In  Figure  4,  which  shows  the  same  system  with  the  components  now  attached  to  their  brackets.  Tne  beams, 
and  a  common  mounting  shelf,  have  been  omitted  for  clarity. 

2.4  Modal-matching  software 

As  mentioned  above,  suitable  predictive  models  must  be  found  that  describe  the  behaviour  of  various  quasi-optical  components. 
This  must  be  done  for  both  the  OB  and  PO  analyses. 
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Cascaded  mode-matching  routines  are  available  for  several  tj^s  of  feedhorn.  Figure  5  shows  the  agreement  obtained  between 
prediction  and  measurement  for  the  AMSU-B  corrugated  183  OHz  scalar  horn,  ^e  profiled  inner  taper  (inset)  is  desiped  to 
provide  a  plane  phasefront  which  remains  co-located  with  the  horn  aperture  over  the  full  16  GHz  bandwidth.  The  deep  nulls 
between  the  main  beam  and  the  first  sidelobes  are  characteristic  of  this.  Analyses  of  the  sort  caiTied  out  by  Wylde  [6]  provide 
the  Gaussian  parameters,  while  the  output  from  the  modal  analysis  is  suitable  tor  immediate  use  by  the  PO  suite. 

Dichroic  filters  are  modelled  using  Floquet  modes  weighted  by  the  spectrum  of  plane  waves  of  the  incident  Gaussian  beam  to 
represent  the  effects  of  diffractive-spreading.  Once  again  the  outputs  from  such  modeis  can  be  converted  to  forms  that  are 
appropriate  as  inputs  for  both  the  GD  and  PO  routines. 

3.  SUMMARY 

A  powerfui  and  versatile  iterative  approach  has  been  presented  which  provides  quasi-optical  desipers  with  the  accuracy  of 
numerically  intensive  Physical  Optics  while  retaining  the  advantages  of  a  firamewoik  of  simple,  quantifiable  rules  amenable  to 
the  generation,  easy  visualisation,  and  fast  turn-around  comparison,  of  alternative  deslps  for  complex  and  demanding  systems. 
In  the  process,  the  effects  of  individual  components  are  revealed,  and  mechanical  tolerances  can  be  explored. 
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The  iso  Long-Wavelength  Spectrometer 

P  E  Clegg 

Queen  Mary  and  'Westfield  College 

ABSTRACT 

The  Long-Wavelength  Spectrometer  (LWS),  to  be  launched  in  the  ESA's  Irfrared  Space 
Observatory,  covers  the  wavelength  range  45-180  jim  at  both  moderate  ("200)  and  high 
(~10^)  spdctral  resolving  power.  This  paper  describes  how  the  scientific  requirements 
were  translated  into  a  space-qualified  design. 
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REFLECTOR  AND  MIRROR  SYSTEMS  FOR  SUJMILLII! 
AND  INFRARED  TELESCOPES  - 


ER 


AN  OVERVIEW  OF  TECHNOLOGY  AND  COSTS 


by  H«m  J  Kflrcher.  MAN  GHH.  G^nnany 


Infrared  and  submillimeter  astronomy  has  advanced  dramatically  in  the  last  10  years.  Technically 
this  advance  is  dependent  not  only  upon  the  improvement  of  the  instrumentation  and  the  telescopes 
themselves  but  also  upon  their  location  on  the  earth's  surface  or  in  space.  The  key  mechanical 
component  of  the  telescope,  which  determines  its  observational  performance,  is  the  main  mirror  or 
reflector.  In  the  past  the  technology  for  reflectors  of  radiotelescopes  developed  completely 
independent  from  the  technology  for  mirrors  of  optical  telescopes.  William  Herschel  manufactured 
the  first  really  large  optical  mirror  in  1789  in  poltehed  bronze  and  Lovell,  together  with  Husband  & 
Co,  built  the  first  really  large  radiotelescope  in  1956  from  riveted  steel.  Due  to  the  different  demands 
on  size  and  accuracy,  up  to  now  optical  and  radiotelescopes  have  used  different  technologies,  but  the 
mechanical  principles  on  which  the  design  of  the  mirrors  or  reflectors  Is  based  are  very  similar.  As 
infrared  and  submillimeter  astronomy  is  bridging  the  gap  between  optical  and  radio  astronomy,  the 
mirrors  and  reflectors  for  infrared  and  submillimeter  telescopes  are  bridging  the  gap  in  technologies 
between  optical  mirrors  and  radiotelescope  reflectors. 

1.  Technologies.  fQtMinoa.andJlQfla.ctQa 

Since  about  100  years  ago  professional  optical  telescopes  have  been  built  as  reflectors  with  a  large 
main  mirror  made  of  polished  glass.  The  mirrors  are  rather  thick.  The  largest  telescopes  of  this  type 
are  the  50>year  old  5  m  Mt  Palomar  and  the  Caucasian  6  m  Bolshoi  telescope.  For  larger  diameters 
the  weight,  performance  and  costs  of  this  type  of  telescope  become  prohibitive.  In  the  last  10  years 
a  lot  of  projects  have  been  undertaken  for  larger  optical  telescopes,  which  are  therefore  using  new 
mirror  concepts  such  as  the  thin  meniscus  concept,  segmented  mirrors  or  lightweight  honeycomb 
designs.  Up  to  now  no  concept  prevails,  however  the  first  two  need  active  optics. 

Large  radio  reflectors  have  been  built  for  40  years  with  steel  trusswork  and  a  surface  made  from  wire 
mesh  or  welded  steel  plates.  The  design  of  the  reflector  trusswork  differs  depending  upon  the 
different  methods  of  load  transmission  to  the  telescope  mount,  eg  2-point  supports,  4-point  supports, 
central  hub  concepts,  homologous  "umbrella  type"  systems  etc.  With  the  increase  of  frequencies  and 
accuracies,  the  reflector  surface  has  changed  to  aluminium  panels.  These  a*‘e  manufactured  by 
milling  or  stretch-forming  and  stiffened  at  the  rear  by  ribs  or  a  honeycomb  sandwich.  For  millimetre 
and  submillimeter  applications  the  use  of  carbon  frbre  reinforced  plastics  prevails  for  the  surface 
panels  as  well  as  the  trusswork  struts.  Concepts  for  active  control  of  the  reflector  surface  are  also 
under  consideration. 
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12.  Structural  Principles  and  Related  Accuracies 

The  accuracy  of  an  optical  mirror  must  be  in  the  order  of  nanometres  and  of  a  radio  reflector  in  the 
order  of  microns  -  a  factor  of  a  thousand!  However,  the  main  influences  which  disturb  the  reflecting 
surfaces  are  the  same,  except  the  differences  in  the  manufacturing  process,  ie  gravity,  temperature 
and  wind. 

To  suppress  the  influence  of  gravity  deformations  for  both  applications  an  adequately  distributed 
support  of  the  reflector  rear  is  necessary.  This  can  be  achieved  by  controlling  the  forces  rather  than 
the  deformations.  For  optical  minors  this  is  done  by  load  spreading  systems  which  disconnect  the 
mirror  from  the  telescope  mount  via  an  additional  structural  element,  the  mirror  cell.  For  radio 
reflectors  no  additional  cell-like  structural  element  is  used,  the  distributed  connection  to  the  mount 
is  achieved  internally  in  the  trusswork  by  so  called  homologous  design. 

Regarding  temperature  and  wind,  the  influences  of  the  outside  environment  at  the  telescope  site,  three 
levels  of  countermeasures  are  applied:- 

1  passive  compensation  by  adequate  structural  layout  and  materials, 

11  protection  against  the  environment  by  enclosures,  domes  or  shields, 

III  active  compensation. 

Optimum  performance  and  minimum  costs  are  achieved  by  an  appropriate  combination  of  all  three 
measures. 

3.  Trends.  Tendencies  and  Costs 

The  gap  between  submillimeter  and  infrared  is  one  of  the  last  windows  in  the  electromagnetic 
spectrum  to  be  opened.  The  telescope  reflectors  needed  are  in  accuracy  ranges  from  15  microns  to 
150  nanometers  with  reflector  diameters  from  2.5  m  to  15  m.  To  avoid  atmospheric  blockage,  the 
telescopes  are  located  on  high  mountains,  balloons,  aeroplanes  or  in  space.  For  these  special 
demands  traditional  radio  telescope  layouts  are  too  inaccurate,  traditional  optical  layouts  are  too 
expensive  and  both  are  too  heavy.  Very  lightweight  features  should  be  used,  which  are  not  naturally 
in  the  mind  of  a  classic  telescope  designer.  Submillimeter  and  infrared  telescopes  present  a  field 
where  carbon  fibre  composites  can  display  their  full  advantages  in  high  stiffness,  minimal  thermal 
expansion  and  low  weight.  Replica  techniques  can  be  used  to  achieve  cost  effectiveness  and  formerly 
unbelieved  accuracies  for  the  reflector  surface  and  careful  design  of  the  backing  structure  and  its 
connections  to  the  telescope  mount  lead  to  low  cost  and  high  accuracy  large  submillimeter  and 
infrared  reflectors  of  optimum  operational  performance. 

4.  Conclusion 

In  the  paper  the  basic  principles  of  mirror  and  reflector  design  are  described  and  compared  and  the 
latest  state  of  the  art  technologies  are  explained.  Trends  and  tendencies  in  the  progress  of  infrared 
and  submillimeter  telescopes  are  analysed  and  the  influence  on  cost  and  availability  are  described. 
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A  HORIZONTAL  ATMOSPHERIC  TBNPBRATORB  SOUNDER 
BASED  ON  THE  60  OHl  OXYGEN  ABSORPTIONS 

R.  W.  McMillan 

Gaorgla  Institut*  of  Tachnology 
Gaorgla  Tech  Raaaaroh  Instltuta 
Atlanta,  Gsorgla  30332,  USA 

ABSTRACT 

Implamantatlon  of  a  nultlohannal  radlomatar,  oparatlng  on  tha 
family  of  oxygen  absorptions  near  60  GHz,  potantlally  useful  for 
horizontal  temperature  sounding,  is  discussed.  Application  of  this 
instrument  to  the  detection  of  atmospheric  hazards  such  as  wind  shear 
and  clear  air  turbulence  la  considered. 

1.  Introduction 

The  group  of  molecular  oxygen  absorptions  lying  near  60  GHz  In  the 
mllllmeter-wave  portion  of  the  electromagnetic  spectrum  provides  the 
basis  for  vertloal  temperature  sounding  of  the  atmosphere  from 
satellites  or  aircraft  based  on  weighting  functions  for  different 
frequency  channels.  This  paper  describes  a  radiometer  operating  near  60 
GHz  which  will  be  able  to  sense  temperatures  on  a  horizontal  path  using 
a  similar  weighting  function  approach,  although  the  weighting  functions 
for  horizontal  sensing  are  exponential  Instead  of  sharply  peaked. 

The  instrument  dezcrlbed  in  this  paper  is  a  millimeter  wave  (MMW) 
radiometer  which  has  several  channels  positionsd  on  the  skirts  of  the 
group  of  oxygen  absorptions  centered  near  60  GHz.  Based  on  the 
frequency  of  each  channel,  the  absorption  in  the  band  which  it  senses 
will  vary,  and  therefore  the  temperature  measured  in  that  channel  will 
be  different  from  that  measured  in  the  other  channels.  These 
temperature  differences  provide  the  basis  for  detection  of  an 
atmospheric  anomaly  as  well  as  Its  range,  If  a  simple  model  of  the 
atmosphere  Is  assumed. 

2.  Theory  of  Operation 

The  radiometer  equation  gives  the  temperature  measured  by  a 
radiometer  for  arbitrary  positions  and  orientations  of  the  radiometer 
relative  to  the  atmosphere.  Integration  of  this  equation  for  a 
vertically  stratified  homogeneous  atmosphere  in  which  the  radiometer 
views  the  atmosphere  horizontally  gives  multiple  equations  depending  on 
the  number  of  vertloal  strata  chosen.  Solution  of  these  equations  gives 
the  individual  temperatures  of  the  strata  as  well  as  their  ranges  If  a 
few  basic  assumptions  are  made.  The  differences  in  temperature  of 
adjacent  strata  are  a  measure  of  the  severity  of  the  atmospheric 
perturbation. 

3.  Application  to  Deteetlon  of  Atmospheric  Hazards 

Most  atmospheric  hazards  are  characterized  by  a  change  in 
temperature.  In  particular,  wind  shear  events  are  usually  downdrafts 
which  cause  the  air  in  the  wind  shear  plume  to  be  colder  than  ambient. 
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Th«  multlohannttl  radiometer  described  In  this  paper  could  be  used  to 
detect  such  an  event  based  on  this  temperature  difference.  The  simplest 
type  of  wind  shear  event  Is  one  In  which  the  atmosphere  In  front  of  the 
plume  Is  clear  while  that  In  the  plume  may  be  opaque  due  to  rain  or 
heavy  clouds.  In  this  case,  a  simple  two-channel  radiometer  should  be 
able  40  measure  both  the  range  to  the  event  and  Its  temperature.  For 
the  case  of  a  dry  wind  shear,  In  which  the  air  Is  clear  both  In  the 
plume  and  In  front  and  back  of  It,  a  four-channel  radiometer  would  be 
required  for  adequate  characterization  since  there  are  three  regions  of 
homogeneous  temperature  In  front  of  the  radiometer.  Additional 
channels,  added  In  multiples  of  2,  provide  temperature  data  on 
Increasingly  more  complex  atmospheric  structures,  although  the 
accuracies  of  these  soundings  will  vary  strongly  with  radiometer 
performance,  size  of  the  features,  and  their  temperature  differences 
from  ambient. 

It  is  possible  that  this  radiometer  could  also  be  used  to  detect 
wingtlp  vortices  caused  by  the  passage  of  large  aircraft.  This 
phenomencn  is  responsible  for  the  spacing  of  aircraft  takeoffs  and 
landings  at  major  airports,  since  air  traffic  controllers  must  wait 
until  the  vortices  from  an  aircraft  dissipate  before  allowing  another  to 
fallow  the  same  path.  A  channel  could  be  added  to  the  radiometer  with 
a  small  time  constant  such  that  it  could  sense  remotely  the  spectrum  of 
temperature  fluctuations  In  a  volume  of  air  after  the  passage  of  an 
aircraft.  Vortices  will  cause  the  temperature  spectrum  to  change, 
specifically  they  will  cause  the  high  frequency  portion  of  the  spectrum 
to  Increase  in  power.  This  change  could  be  sensed  by  a  simple  high-pass 
filter  and  used  to  alert  ground  controllers. 

4.  Approach 

MMW  receivers  which  cover  the  entire  50-75  Ghz  waveguide  band  with 
a  noise  figure  of  better  than  10  dB  double  sideband  are  available.  The 
radiometer  discussed  herein  would  use  a  60  GHz  local  oscillator  and 
would  have  symmetrical  high  transmission  channel  sidebands  at  49-51  and 
69-71  GHz  and  Intermediate  transmission  sidebands  at  52-54  and  66-68 
GHz.  With  a  10  dB  double  sideband  noise  figure,  the  radiometer  would 
have  a  minimum  detectable  temperature  of  about  0.13  degree  for  2  GHz 
channel  bandwldths  and  a  0.5  second  Integration  time.  Channels  used  for 
remote  sensing  of  temperature  spectra  would  have  a  minimum  detectable 
temperature  of  0.31  degrees  for  an  Integration  time  of  100  milliseconds. 
It  is  likely  that  this  10  dB  noise  figure  could  be  Improved  with  an 
accompanying  improvement  In  performance. 

8.  conolusions 

Atmospheric  hazards  characterized  by  temperature  differences  from 
ambient  may  be  detected  by  a  radiometer  operating  on  the  60  GHz  oxygen 
transitions.  Hazards  of  particular  Interest  and  concern  to  the  aviation 
community  are  wind  shear,  clear-alr  turbulence,  and  wake  vortices.  With 
recent  Improvements  In  componentry,  a  sensitive  MMW  radiometer  whose 
outputs  can  be  used  to  determine  both  the  range  to  the  hazard  and  Its 
temperature  difference  can  be  constructed. 
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A  sufamilllineter'wave  sensor  fbr  trace  gas  studies  in  the  middle  atmospheie 

H.  Nett.  S.  Crawell,  K.  Ktliui 

Univenity  of  Bremen,  PB  1,  Institute  of  Remote  Sensing, 

P.O.  Box  330440. 2800  Bremen  33,  FRO 


ABSTBACT 

A  iow<nolse  62S<6SOOHz  receiver  has  been  developed  for  tiaoe  gas  maasuiemenu  in  the  stratosphere.  The  Instniinent  is 
designed  for  single«sideband  (operation  allowing  the  detection  of  tt  vMieiy  of  weak  emlalon  lines  in  both  receiver  sidebands. 
During  several  measurement  campaigns  over  northern  Europe,  in  the  winters  1991/92  and  1992/93,  the  radiometar  was 
operated  on  board  the  research  aircraft  FALCON.  We  report  on  receiver  performance  and  present  recent  results  of  the  flight 
experiments. 


The  concern  about  the  potential  kMs  of  stiaioqtherio  os»ne,  first  observed  over  Antaretlea  in  the  mid  IPSO's,  has  initiated 
large  efforts  to  develop  novel  experimental  methods  to  study  middle  atmospheric  chemistry.  Among  the  diffoiant  techniques  in 
use  heterodyne  qiectroaoopy  In  the  submlllimeier-wave  frequency  range  (u  >  300  OKs)  has  proven  to  be  of  particular 
advanuige  allowing  the  detection  of  numerous  qtaclei  of  Interest  within  a  narrow  frequency  interval  II].  The  goal  of  the 
research  program  SUMAS  (8ub■lillimete^wave  Atmospheric  Sounder)  [2]  was  to  develop  a  heterodyne  receiver  for  operation 
in  the  650  GHz  frequency  range  covering  a  number  of  strong  emlttion  features  of  stratoqrherlo  trace  gases,  eg,  and 
HCl,  the  latter  playing  a  key  part  in  the  catalytic  cwles  of  oeone  depletion.  This  instrument  is  flown  on  board  the  research 
aircraft  FALCON,  operated  by  the  German  Air  and  Space  Research  Organisation  (DLR),  at  flight  altitudes  of  10*12  km. 

An  improved  front  end  (SMS,  Subnillimeter  Sounder)  was  develoj^  in  the  frame  of  an  international  research  program 
frinded  1^  BSTBC  [3].  Both  receiverB  were  flown  successfully  on  several  missloos  as  part  of  the  Buropean  Arctic  Sniospheiic 
Oione  Experiment  (I^SOE)  in  1991/92,  and  in  a  subeequMt  campaign  In  February  1993.  Bmlaaion  line  measurements  of 
"CIO  (649.4  GHz),  (62S.9  GHz)  and  Oj  (647.8  GHz)  wen  made  during  these  oamj^gns. 


m  Ml',  flail  ;>rv  Wv- 1  If  I ;  n 't  :>(H  I'j  'A  ■ 


The  SUMAS/SMS  receiver  front  ends  are  oharacterised  by  a  single-ended  Schottky-dlode  mixer  pumped  by  a  solid-state 
local  oscillator  (1«.)  source.  The  lo.  consists  of  an  InP  Gunn  oscillator  followed  by  a  cascaded  diode  multiplier  (doubler  and 
trlpler)  [4],  Frequency  sudtiUty  of  8v/v  •  Ifr*  is  achieved  by  mens  of  a  phase-lock  loop.  In  the  radio  frequency  (r.r.)  section 
low-loss  propagation  of  signal  and  l.o.  radiation  is  realized  by  a  quasi-^oal  coupllrig  scheme  [5].  Two  cascaded  Martin- 
Puplett  type  Interferometers  are  used  as  single-sideband  (ssb)  filler  and  dlplexer.  Micrometer  tuning  allows  accurate  setting  of 
the  ssb  filter's  internal  pathlengih  dlfrerence  during  flight  operation.  The  filler  can  thus  be  set  fbr  opemdon  in  either  the  upper 
or  the  lower  receiver  sideband  or  for  double  sideband  opemtion.  Relative  sideband  suppression  >  20dB  acrou  the  receiver's 
total  instantaneous  bandwidth  of  1.2  GHz  could  be  expodmentally  verified. 

During  spectroscopic  measuremenu  a  periodic  total-power  c^ibratlon  is  performed  using  a  rotating  mirror  at  the  receiver 
optics  input  and  two  absorbers,  one  at  ambient  temperattire  and  one  at  77  K.  A  hlgh-densl^  polyethylene  (HOPS)  window  is 
Iniegmted  in  the  side  wall  of  the  preuurlaed  aircraft  cabin,  idlm^  observation  angles  in  the  range  -flO*  to  -f  IS*  (elevation). 
Table  1  lisu  performance  data  of  the  SUMAS/SMS  ftont  ends. 

The  i.f.  signal  is  pre-amplifled  in  a  cooled  (77  K)  HBMT  stage.  Additional  amplifiers,  bandpass  fUlers  and  a  second  mixing 
stage  match  the  signal  to  the  input  of  the  back  end  that  consists  of  a  28-ohannel  fllterbank  (bimdwidth  1.2  GHz,  10x80  MHz, 
8x40  MHz,  10x8  MHz)  in  parallel  to  an  850  MHz  bandwidth  acousto-optical  spectrometer  (AOS).  The  AOS,  covering  the 
central  fraction  of  the  receiver  peaaband,  provides  an  effective  resolution  of  approx.  1.5  MHz. 

IBEfllilTfi 

In  Figure  1  two  Alter  bank  spectra  of  the  CIO  (649.448  GHz)  line,  measured  during  a  flight  between  Kiruna  (Sweden)  and 
Stockholm  and  between  Stockholm  and  Munich  at  a  flight  altitude  of  11,700  m  is  shown.  For  comparison  a  synthetic  line 
spectrum  baaed  on  a  disturbed  chemistry  CIO  profile  [6]  has  been  plotted.  Hie  measued  spectra  indicate  a  strong  variidiility  in 
CIO  along  the  flight  tracks  and  large  CIO  amounts,  pr^cularly  at  altitudes  below  30  km,  over  south  Sweden  (Flight  No.  1). 
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4.CQNCmSlQNS 

The  concept  of  a  compact,  low<noise  submilUmeter-wave 
receiver  has  been  described.  The  radiometer  was  designed 
for  operation  on  board  a  high-flying  research  aircraft 
allowing  spectroscopic  measurements  of  middle  atmospheric 
minor  trace  gases  that  are  key  species  in  ozone  chemistry. 
Recent  measurements  performed  over  northern  Europe  will 
provide  accurate  data  on  concentrations  of  stratospheric 
chlorine  monoxide  being  a  sensitive  indicator  for  a 
disturbed  ozone  chemistry, 
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ABSTRACT 

Millimeter  waves  give  a  unique  possibility  for  oztme  monitoring  at  any  weather.  The  equipment,  technique  and 
preliminary  results  of  the  annual  series  of  ozone  observations  (February  1992  -  March  1993)  above  Nizhny  Novgorod 
(56.3*  N)  are  described.  The  comparision  with  Keating  -  Young  model  is  given. 

I.  EQUIPMENT.  CALIBRAllON.  OZONE  VERTICAL  DISTRIBUTION  RETRIEVAL 

Thermal  ozone  emission  was  measured  in  the  rotational  transition  6o,6  -  61,3  (resonance  frequency  1 10.836  OHz)  by 
the  heterodyne  total  power  spectral  radiometer.  Its  single  sideband  equivalent  noise  temperature  equals  3000  K.  Ten 
3  MHZ'Channels  and  four  9  MHz-channels  covered  110  MHz>analysls  bond. 

The  zenith  emission  was  compared  with  the  emission  of  a  "black  body"  at  ambient  temperature  and  a  "black  body"  at 
liquid  nitrogen  temperature.  The  ozone  spectrum  was  corrected  taking  into  account  the  tropospheric  attenuation  obtained 
Orom  continuum  measurement. 

The  retrieval  of  the  vertical  ozone  density  distribution  N(t)  was  based  on  choosing  the  parameters  of  the  analytical 
expression  for  V(s)  and  on  the  season<average  temperature  and  pressure  ptonies\ 

2.  RESULTS  OF  OBSERVATION 

Commensurable  seasonal  and  sporadic  components  of  annual  variation  X  (1  k  22  km)  “  total  ozone  content  at  the 
altitudes  above  22  km  are  detected  (Pig.  1).  The  maximum  month>Bvorage  X  (1  k  22  km)  is  observed  in  May,  the 


Pig.  I.  Variability  of  the  ozone  content  at  the  altitude  above  22  km  (Nizhny  Novgorod,  56.3*  N) 


minimum  one  -  in  November.  When  the  altitude  1  increases,  the  maximum  of  the  ozone  density  N  (1)  displaces  to  the 
middle  of  summer  (Pig.  2)  and  the  minimum  -  to  December. 

The  greatest  sporadic  variations  took  place  in  March  1992,  the  smallest  -  in  September.  In  winter  X  (1  k  22  km) 
frequently  became  close  to  the  value  typical  of  Antarctic  ozone  hole^. 
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Fig.  2.  Monih'iveraged  otone  density  tt  attitudes  30  km.  40  km  and  SO  km 
in  comparison  with  Keating  -  Young  model  (solid  lines) 


On  February  22.1993  ocourad  the  sudden  rise  r  Y  t  k  22  km)  which  coincided  with  the  stratospheric  warming.  The 
ozone  conceiratlon  near  i  ■  25  km  increased  by  70%,  near  s  ■  SO  km  by  1S%  only. 

The  comparison  of  the  obtained  data  and  Keating  ~  Young  model'*  for  SS*  N  (solid  lines  in  Fig.  2)  shows  rather  good 
coincidence  for  tlie  altitude  i  ■  SO  km  and  the  discrepancy  for  other  altitudes  up  to  1.5  -  2.5  times  at  t  ■  40  km.  The 
similar  disctepancy  was  already  mentioned'*. 

The  influence  of  the  solar  proton  events  on  ozone  did  not  reveal  itself  on  the  background  of  the  sporadic  component. 
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*5ervioe  des  Champa  Mlagnatiquta  Interuea,  INSA 

Complaate  acientifique  de  Rangueii,  $1077  Tbidouae’Cedea  (Pranoa) 

**Institute  of  Phyaica, 

Polish  Academy  of  Sciencea,  Sg/46Ai  Lotnikow,  0S$68  Warsaw  (Poland) 

Abitmt 

Exchange  intaractloni  in  dilute  magnetic  ■amioonduetora  (D.M.S>)  Ziai>aCoiS) 
Zm.aMncSe  and  Cdi.aMn«Se  are  atudied  by  E.  P.R.  in  the  F.I.R.  region  with  high 
magnetic  fleld  up  to  40  Teala,  For  x  m  tranatnWon  apeotra  exhibit  vary  aharp 
lateillta  linea  on  both  aidea  of  the  aingle  magnetic  ion  raeonance.  We  aadgne  thane 
atructurea  to  be  relevant  of  the  exchange  interaction  in  magnetic  Iona  pain.  A  calcula¬ 
tion  of  paira  energy  levela,  including  Diialoahinaky  Morya  (D.M.)  effii^  and  aymatri* 
cal  exchange  terma  of  the  interaction  tenooT)  allowa  to  extract  from  the  maaouramanta 
the  valuM  of  D.M.  conatant.  Moreovw,  in  the  caae  of  cobalt,  the  oocurtanoa  of  an 
abaorption  peak  at  half  flald  la  well  interpreted  by  taking  into  account  the  aymatrlc 
aniaotropic  terma. 

The  D.M.S.  that  we  have  atudied  an  wide  gap  compound!  and  thua  very  good  candidataa 
for  E.P.IL  meaaurementi  by  tranimiMion  [1].  The  moat  general  form  of  the  exchange 
interaction  is: 

'Hueh,  ■  “2  53  (1) 

when  is  the  lum  over  all  magnetic  ions  pain  and  Jtj  ii  a  third  order  eflhetiva  apin 
coupling  tensor. 

The  fast  decnaaing  of  Ji,^  contants  with  the  distance  between  magnetic  ions  allows  to 
ne(dect  long  range  exchange  interactions.  Thus,  we  use  the  Ji  cluster  model  in  which  the 
probability  for  having  a  next  nearest  neighbour  pair  is  maximum  for  e  w  We  have  used 

sample  witli  a  wide  concentration  range  (0.5%  <a  <  16%)  and  we  focus  hen  on  the  results 
concerning  the  5%  concentration  samples. 

The  sources  of  the  magnetospectrometer  are  a  F.I.R.  cavity  optically  pumped  by  a  COs 
laser  and  a  Gunn  diode  emitting  96  GHz  radiation.  The  pulsed  magnetic  Held  was  set 
parallel  to  <  110>  axis  for  Zinc  Blende  structun  compounds  and  parallel  to  <001>  sods  for 
Wurtzite  structun  compounds. 

As  illustration,  figun  1  shows  transmission  spectra  for  Zni.«CofS.  The  satellite  lines 
have  a  maximum  Intensity  for  x  «5%  as  well  as  the  half  fleld  peak.  We  reject  the  hypothesis 
of  interfennee  phenomena  for  two  different  reasons:  the  half  width  of  the  peaks  varies  with 
temperatun  ( figun  2 )  and  the  satellite  lines  occurs  independently  of  the  sample  geometry. 
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Th«  developpement  of  equation  1  leadi  to  the  Hamiltonian: 

n  =  nQ  +  Hi+Hi  +  Hi  (2) 

Wo  “  "1"  •S'l*)  “  iJtSitSi  (3) 

Wi  =  ‘“i[D^3S\iSit Si<Si)  Ei^SinSig  —  S\ySiy)]  (4) 

Wj  =  -2dij,(i5i  A  Si)  (5) 

Wo  =  — 2Ji6ij5j  (6) 


J  ii  the  laotropic  exchange  conatant.  In  D.M.Sm  J  !•  negaitive  (antlfenomagnetic).  D, 
and  Ea  aie  functiona  of  diagonal  terma  of  the  interaction  tenaor,  iTn  ia  axpreaaad  with 
antiaynunetric  terma:  it  ia  the  D.M.  interaction.  The  terma  of  the  aynMtrlc  tenaor  iu 
explain  the  half  field  feaonance  in  Zno,etCoo,o(S. 

The  baaic  atatea  on  which  the  hamiltonlan  W  ia  devalopped  are  |  .9,  jlfs  >  with  ^  ji  +  iSa 
andAf5B5i.  At  the  aecond  order  ofthepertubation  theory  the  atatej  0,0  >  and  1 1,-1> 
are  coupled  through  the  D.M.  interaction.  When  |  d  |<  -  27  +  3.7(~2Dt),  the 

tranaitlon  energiea  are  given  by: 

A&. £(1,0) -£(1,-1)  «  - lU(-!i£.) - 

Aft«E(l,l)-f;(l,0)  «  p/i£b,i  +  lU(-2D,) 

where  Bi,j  la  the  reaonant  field  for  iifs  « t  Ms  ■  i  tranaitlon. 

The  magnetic  field  diatancea  between  aatelllte  linea  and  the  aingle  ion  reaonant  field  Bo  ate: 

y/4(Bb-Bo.i)  ll.l(-2D,)  (7) 

gKBo-B.ifl)  *»  -U.1(-2D,)  ■ 

A  fitting  of  the  experimental  reaulta  givea  the  wduei  (figure  3): 

ot  0.014A!  in  ZnMnSe 
D,  w  0.009/ir  InCdMnSe 
|d|  «  0,lSK  in  ZnMnSe 
|d|  w  0.11/ir  inCdMnSe 

Theae  valuoa  are  in  relatively  good  agreement  with  theoritical  predictiona  by  Laraon  et  al. 
[2]  and  magnetisation  results  [3]. 
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MAONCTIO  FIELD  (TMla) 

Figure  1 :  IVanitniiiion  of  ZnCoS  for  dliftnat  concentretioni  at  A*  308^ 


MAGNETIC  FIELD  (TmIo) 

Figure  2:  Veriatiou  of  the  i&teUite  line  inteniity  in  ZnMnSe  with  tenpenture 
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MAONEnc  FIELD  (TmIo) 

Figure  3:  Distance  in  magnetic  fioid  between  sateilite  iinei  and  the  tingle  ion  line 
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SUBMILLIMETER  SPECTROSCOPY  OF  THE  ELECTRON  EXCITATIONS 
IN  RARE-EARTH  ORTHOPERRITES 

G.V.  Kozlov,  S.P.Lebedev,  A.A.Mukhin , ,  A.S.  Prokhorov,  A.A.Egoyan 

Institute  of  General  Physics  of  Russia  Acad.  ScL,  38  Vavilov  St, 1 17942  Moscow, 

Russia 

We  have  investigated  the  high-frequency  magnetic  and  dieiectric  properties  of  the 
orthoferrites  RFeOa  (R  >■  Tm,  Er)  possesing  various  spin-reorientation  phase  transitions 
(SRPT).  It  is  known  that  in  TmFeOa  and  ErPeOj  the  SRPTs  occur  in  the  ac-plane  via 
two  second-order  phase  transitions  r4(Ox)  -*  r24(OxOt)-»  r2(0|)  [1,2]  ,  where  O  is  the 
antiferromagnetism  vector  of  the  Fe-subsystem. 

The  RFeOa  single  crystals  were  grown  by  float  zoning  with  radiative  heating. 
Submillimeter  (SBMM)  transmission  spectra  of  the  a-,  b-,  <>cut  plane-parallel  plates  of  the 
orthoferrites  were  measured  by  the  backward  wave  oscillator  spectrometer  ^Epsilon*  [3]  in 
the  frequency  range  v  » 100  -  1000  OHz  (3  -  33  cm~^)  at  temperatures  4.2  -  600K. 

In  all  the  orthoferrites  studied  wo  revealed  two  narrow  antiferromagnetic  resonance 
(APMR)  modes  of  the  Fe-subsystem  (quasiferromagnetic  (F)  and  quasiantiferromngnetic 
(AF)  modes)  and  several  wide  absorpslon  lines  identified  as  the  rare-earth  modes  which  are 
caused  by  electronic  transitions  inside  the  Tm^*^,  Er^  ion  ground  multiplets. 

The  transmission  spectra  were  fitted  according  to  the  well-known  formulae  for  a  plane 
parallel  layer.  To  describe  a  dispersion  of  the  magnetic  permeability  and  the  dielectric 
permittivity  we  have  used  the  harmonic  oscillator  model 

fixiv)  ■  1+  2a  It'AVa), 

■  ex**+2oAfi«^**VaV  (Va^  +  IvAVfl), 

where  Va  and  AVa  are  the  a-mode  resonance  frequency  and  linewldth,  AEk^*^^  - 
mode  contributions  into  the  static  magnetic  permeability  and  the  dieiectric  permittivity, 
respectively,  a"%,y,z.  As  the  result,  there  were  obtained  the  temperature  dependences  of 
the  mode  parameters. 


Pig.l.  The  temperature 
dopeiK'icnces  of  the  APMR-  and 
R-mode  frequencies  in  TmPeOa ! 
points  -  experiment, 
solid  lines  -  theory. 

In  the  inset  -  the  lower  part  of  the 
ground  Tm^'*'  multiplet  spectrum 
in  TmPeOa . 


0  t,t,  200 
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TmFeQy  The  SRPT  Is  cm"* 
characterized  by  a  softening  of  the 
F-mode  frequency  vi(Fe)  on  both 
bondaries  of  the  spin  reorientation 
(Fig.  1 ) .  A  strong  enhancement  of  the 
soft  F>mode  contributions  (T  -* 

Ti)  and  (T  "*  Ti)  was  also 
observed  which  result  from  a 
divergence  of  the  Fe-subsystem 
rotation  susceptibility. 

For  T<100K  we  observed  broad 
absoption  lines  (Av/v  »  1):  Ri(hl  Ic, 
el  lb),  R'i(hlla,  el  lb),  R*i(hllb, 
el  la),  Ra(hllb,  el  Ic)  which  were 
assigned  to  the  R-modes.  These  modes 

correspond  to  the  certain  electronic  ^ 

transitions  inside  the  Tm^*^  ground  plg,  2  .The  temperature  dependences  of  the 
multiplet  split  by  a  crystal  field  resonance  frequencies  in  BrFeOa:  points-  experiment, 
(Fig.l).  According  to  the  selection  solid  lines -theory. 

rules  for  the  electronic  transitions  we  have  identified  Ri>mode  as  mngnetodipolar  one 
and  other  R>modes  as  electrodipolar  ones  (see  also  [4]).  An  Increase  (up  to  30%)  of 
the  quasistatic  dielectric  permittivity  along  c-axis  In  TmFeOa  was  observed  at  low  T, 
resulted  from  an  appreciable  contribution  of  the  electrodipolar  R-  modes  In  Tm^^ 

ErFeQy  Along  with  the  already  known  AFMR  modes  [5]  we  have  revealed  the 
R-modes  ^3,4  (R))  Indentifled  as  the  magnetodlpolar  electronic  transitions  inside  the 
ground  Er^^  Kramers  doublet  split  by  the  exchange  field  of  the  Fe-subsystem.  The  main 
feature  of  the  temperature  dependences  of  the  corresponding  resonance  frequencies  is 
the  softening  of  the  F-mode  frequency  V|  (Fe)  at  the  smooth  spin-reorlentatlon  (Fig.  2) . 
However,  this  softening  occurs  only  at  the  lower  SRPT’s  boundary  Ta  ■  87  K.  The  value 
of  the  F-mode  gap  at  T  -  Tj  is  closed  to  the  Er^"*"  ground  doublet  splitting  (*  3cm"*)  in 
the  Fa  phase  .  An  interaction  of  the  F  and  R  modes  was  observed  near  Ta,  preventing 
from  the  full  softening  of  the  F-mode  frequency  V|  (Fe) . 

We  have  developed  a  theory  describing  dynamic  properties  of  the  orthoferrites  with 
various  rare-earth  ions.  The  theory  Is  based  on  a  general  linear  response  of  the 
R-subsystem  to  a  high-frequency  external  magnetic  (electric)  field  and  anisotropic 
exchange  fields  of  the  Fe-subsystem.  Some  results  of  our  calculations  for  the  resonance 
mode  behavior  are  shown  in  Fig.  1,2. 
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Progress  in  German  High  Field  Magneto  Spectroscopy  using  IR,  FIR,  and  mm 
Waves:  a  Quantum  Transition  from  the  Hochmagnetfeldanlage  in 
Braunschweig  to  the  HUMBOLDT  High  Magnetic  Field  Center  in  Berlin 

ty 

Michael  von  Ortenberg  and  coworkers 

HUMBOLDT  UniversitSt  zu  Berlin  and  Technische  UniversitUt 
Braunschweig,  Germany 


The  paper  covers  the  concept  of  the  newly  established  HUMBOLDT  High 

Magnetic  Field  Center  and  discusses  the  results  of  the  following  experiments 

in  detail; 

*  optically  induced  magnetization  in  Cd(Mn)Te  using  spin-flip 
resonance  in  finite  magnetic  fields 

*  the  HALDANE  gap:  angular  and  temperature  dependence  of  the 
magnetic  resonance  in  NENP 

*  application  of  the  strip-line  technique  in  magnetooptics  of  narrow  gap 
semimagnetic  semiconductors 

*  single  coil  experiments  up  to  160  Tesla  on  semiconductors  using  IR 
radiation. 

These  results  demonstrate  again  the  tremendous  efficiency  of  high  magnetic 
fields  in  conjunction  with  optical  radiation  of  the  IR,  FIR,  and  mm 
range  for  the  investigation  of  electronic  energy  levels  in  solids  and 
justify  the  concept  and  establishment  of  the  new  HUMBOLDT  High 
Magnetic  Field  Center. 
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Origin  of  tatellite  •triictiiroi  of  high  flold  EPIl  in  Cdi-xMnxTe 
G.  Ellen*  ,  M.  von  Ortenberg,  R.  Galazka'*' 


Institut  fur  Halbleiterphysik  und  Optik,Technische  Universitai  Braunschweig,  3300  Braunschweig,  Germany; 
■♦■polish  Academy  of  Science,  Instiiute  of  Physics,  Wanaw,  Poland 


ABSTRACT 

The  electron  paramagnetic  reionance  (EPR)  of  in  Cdi.iMn^Te  (0.01  <  x  <  0.66)  waa  examined  at  low 
temperatures  and  high  magnetic  fields.  A  far  infrared  laser  was  used  as  a  radiation  source.  The  structure  of  the 
resonance  waa  strongly  infiuenced  by  electromagnellc  propagation  effects.  By  variation  of  the  sample  thickness  it  was 
clearly  shown  that  the  satellite  structures  besides  the  midn  EPR  peak  are  solely  due  to  interference  effects. 

1.  INTRODUCTION 

Cdi.xMnxTe  belongs  to  the  group  of  semimagnetic  semiconducton  (SMSO).  Cdi.nMnNTe  exhibits  a  aincblende 
structure  within  a  wide  compositional  range  up  to  «  s  0.77.  The  wide  range  of  composition  exhibiting  spin  concen> 
trations  between  10**cm'*^  and  lO^^cm'**  makes  this  material  especially  attractive  for  fundamental  studies  of  the 
spin«spin  interactions,  because  one  can  examine  the  magnetic  properties  as  a  function  of  the  concentration  of  the 
magnetic  ions.  One  fundamental  problem  is  to  understand  the  processes  underlying  the  interaction  between  the  Mn^*** 
spins.  In  this  respect,  the  formation  of  clusters  of  Mn^***  ions  is  Important.  Assuming  a  random  distribution  of 
on  cation  sites  of  the  sincblende  crystal,  the  fraction  of  Mn’***  nearest  neighbor  pairs,  the  simplest  eluste^type,  has 
a  maximum  of  about  26%  at  a  concentration  x  a  0.06.  High  magnetic  fields  can  impose  new  physical  conditions  on 
the  spin  system  of  the  pairs.  At  low  temperatures  and  high  magnetic  fields  the  Zeeman  splitting  can  be  larger  than 
the  thermal  energy  kaT  and  the  internal  exchange  splittings.  In  Cdi.iMn^Te  this  leads  to  level  crossings  resulting 
in  a  steplike  behavior  of  the  magnetisation 

a.  RESULTS  AND  DISCUSSION 

In  this  work  the  electron  paramagnetic  resonance  Is  studied  on  the  semimagnetic  semiconductor  Cdi.aMnaTs  for 
various  Mn  concentrations  x  at  low  temperatures  and  high  magnetic  fields  up  to  18  T.  We  are  especially  interested  in 
the  effect  of  exchange  coupled  pairs,  which  are  responsible  for  the  magnetisation  steps,  on  the  paramagnetic  resonance. 
Claessen  et  al.i^  reported  "satellite"  structures  besides  the  main  p  w  3,  EPR  peak  at  high  magnetic  fields  and  low  Mn 
concentrations.  Our  investigations  are  aimed  to  get  a  better  understanding  of  the  origin  of  these  resonances  especially 
at  concentrations  around  x  «  0.06,  where  the  number  of  the  exchange  coupled  nearest  neighbor  pairs  is  the  largest. 
It  was  shown  that  the  structure  of  the  resonance  is  strongly  infiuenced  by  electromagnetic  propagation  effects.  These 
effects  are  especially  pronounced  for  the  narrow  and  strong  resonance  at  low  Mn  concentrations.  Calculations  of  the 
transmission  through  a  plane  parallel  slab  including  multiple  reflections  at  the  sample  interfaces  and  employing  a 
simple  Bloch  model  for  the  resonance,  were  used  to  simulate  the  structures  of  the  resonance  observed  in  the  experiment 
(see  figure  1,2).  By  variations  of  the  sample  thickness  it  waa  clearly  shown  that  the  "satellite”  resonances  are  solely 
due  to  interference  effects.  No  additional  structures  owing  to  transitions  originating  from  the  exchange  coupled  Mn^'*' 
pairs  as  they  were  claimed  by  Claessen  et  al.^^  could  be  found.  The  positions  of  all  additional  structures  besides  the 
main  EPR  were  dependent  on  temperature  as  well  as  the  sample  thickness  (figure  1).  Accordingly  they  can  not  be 
due  to  transitions  in  the  energy  level  system  of  the  exchange  coupled  pairs.  In  the  spectra  obtained  in  this  study 
there  waa  no  evidence  for  an  influence  of  the  ground  state  change  of  the  Mn’***  pair  clusters  on  the  paramagnetic 
resonance.  However,  the  line  shape  of  the  resonance  waa  distorted  by  the  presence  of  interference  effects  even  for  the 
thinnest  samples  prepared  and  we  can  therefore  not  rule  out  an  effect-of  the  ground  state  changes  on  the  resonance. 

'  Present  adreii:  Department  of  Material  Science  and  Engineering,  Nagoya  University,  Puro-cho,  Chikusa>ku,  Nagoya  464-01 , 
Japan 
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The  examination  of  the  magnetic  resonance  at  high  concentrations  showed  the  same  features  as  they  were  reported 
by  Wittlin  et  al.I^l  As  the  concentration  of  the  Mn^'^  ions  is  increased  the  resonance  broadens  and,  for  concentrations 
in  the  spin  glass  phase  (l.e.  x  >  0.20  at  2  A'),  a  shift  of  the  resonance  position  was  observed  at  low  temperatures. 
Following  the  theoretical  analysis  of  Larson  and  Ehrenreichi^I  about  the  broadening  mechanism  of  the  paramagnetic 
resonance  in  Cdi_,Mn«Te,  the  broadening  of  the  resonance  can  be  explained  by  the  anisotropic  antiforromagnetic 
exchange  Interaction  between  the  ions.  This  exchange  interaction  also  accounts  for  the  internal  fields  responsible  for 
the  shifts  of  the  resonance  positions  in  the  spin  glass  phase.  The  application  of  FIR  laser  magnetospectroscopy  could 
be  shown  to  be  advantageous  for  the  examination  of  the  broad  resonances.  In  high  magnetic  fields  the  studies  of  the 
paramagnetic  resonance  in  the  spin  glass  phase  could  be  extended  to  lower  temperatures  which  was  not  possible  using 
standard  EPR  techniques  at  low  radiation  frequencies.  This  was  already  stated  before  by  Wittlin  et  Because  of 
the  influence  of  interference  effects  it  was  not  possible  to  extract  reliable  Information  about  microscopic  parameters 
from  the  spectra.  This  problem  may  be  solved  by  preparing  samples  thin  enough  to  be  able  to  neglect  the  influence 
of  interference  effects  on  the  line  shape.  In  that  cue  the  line  width  can  be  extracted  directly  from  the  spectra  and 
related  to  the  results  of  theoretical  calculations  of  this  parameter  u  they  were  done  for  example  by  Larson  and 
Ehrenrelch. 


11.0  11.5  18.0  18.5  la.O  13.5  14.0  *»  >■•<>  >80  >80  iS.S  IS.O 


UifnsUo  rifis  B  (Ttilt)  HtiniUo  n«M  B  (Titit) 

Figure  1:  Thickness  dependence  of  the  resonance  shape  Figure  2:  Low  temperature  transmission  spectra  of  a 

at  low  temperature  (Mn  concentration  s)  s  0,05).  The  sample  with  a  concentration  e  b  0.01  and  a  sample  thick- 

dashed  lines  represent  simulation  calculations.  ness  d  m  1.2  mm.  The  upper  traces  represent  simulation 

calculations  of  the  resonance. 
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InArarad  renNtlvlty  of  lemicondiictor  magnetopUmM 
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The  simple  expression  e  >  1  -  (oLco^  for  the  frequency  jlependenoe  of  a  plasma  dielectric  function  predicts  a 
reflectivity  R  >  1  for  to  <  cdl,  decreasingmaiply  from  unity  as  to  increases  above  the  plasma  frequency  eSp.  Since  ec  ■ 
ne^/egm.,  infrwed  reflectlvny  of  semiconductors  can  be  used  as  a  charaoteriaatlon  technique  to  determine  Ine  ratio  n^,, 
where  n  is  the  carrier  density  and  m,  the  effective  mass.  However,  in  a  sample  contali)|ng  minority  carriers  (density  p  md 
effective  mass  m)o  say)  this  technique  loses  its  power  since  then  taC  ■  ne^/S^m,  +  ptr/epm^^.  It  has  been  pointed  out^^' 
that  if  a  magnetic  neld  is  applied  the  parameteis  of  both  types  of  earner  can  be  determined,  easendally  because  the  Losenta 


force  acts  differently  on  electrons  and  holes.  The  dielectric  tensor  in  the  presence  of  a  field  takes  a  gyrotropic  form  quoted 
explicitly  elaewhere^*\ 


Calculated  curvet  for  nomal-incidenoe  reflectivity^^)  indicate  that  all  four  of  the  parameters  n,  m^,  p  and  m|^  and  in 
addition  the  relaxation  time  t,  and  can  be  determined  from  the  spectra,  but  experimental  studies  Iwve  not  yet  apmi^ 
For  practical  applications  two  extensions  of  the  previous  calculations  are  needed.  First,  in  a  practical  instrument*)  the 
magnetic  field  Is  verdcal,  the  plane  of  incidence  lioiisontal  and  it  la  convenient  to  use  an  angle  of  Incidence  of  4S**.  The 
simplest  samples  of  interest  are  likely  to  include  an  epiliq'er  on  a  substrate  m  well  u  the  surface  of  a  bulk  sample.  We 
therefore  preaent  here  the  formal  results  and  some  illustrations  for  oblique*tncldence  reflectivity  in  these  two  cases. 


The  notation  is  shown  in  Pig.l  In  s  polarisation  the  q)tloal  B  field  is  transverse  to  the  plane  of  incidence,  therefore 
along  the  magnetic  field,  and  only  the  non>reaonant  component  is  probed.  The  interesting  case  is  therefore  p 
polarisation  and  application  of  standard  methods  gives  an  expressfon  for  the  power  reflectivity  R  off  a  bulk  sample  in 
which  a  crucial  part  it  played  by  the  Voigt  permittivity  Sy  ■  Sj  - 


Pig.l  Notation  for  calculations. 


The  frequency  dependence  of  Cy  is  illustrated  in  Fig.2  for  (k^  CdTe  in  several  different  magnetic  ^Ids.  The  optic 
phonon  response  is  Included  by  means  of  the  usual  expression^  with  TO  frequency  ■  1 18  cm~\  LO  flreauency 
(i>I^/2r  ■  139  cm"^  and  damping  parameter  r/2n  ■  6  cm'‘\  The  carrier  parameters  are  those  used  previously^*'.  For 
small  frequency  Re<ey)  is  negative,  as  with  any  plasma.  The  resonance  around  (frf  in  Cy  is  due  to  the  Monona,  perturbed 
by  plasma  effects,  while  the  resonance  above  300  cm"^  is  due  to  the  plasma  response.  Im(ey)  has  a  aeries  of  resonant 

p^. 


The  corresponding  oblique>incldence  reflectivity  (8g  •  43**)  off  a  bulk  sample  may  be  calculated  from  (2)  and  is 
shown  in  Plg.3.  In  normal  incidence  and  in  the  absence  of  damping,  R  ■  1  when  ReCSy)  <  0,  R  <  1  when  Re(ey)  >  0 
and  R  ■  0  when  Re(ey) «  e  ■  1,  the  dielectric  constant  in  Um  me^um  of  Incidonce.  This  general  correlation  between  R 
and  Re(ey)  is  seen  to  persist  in  the  relation  between  Pigs.  2a  and  3,  although  the  details  ml^i  merit  further  discussion. 
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The  expression  for  the  reflectivity  off  a  Aim  of  thickness  d  on  a  substrate  is  quite  complicated.  Typical  calculated 
reflectivity  curves  are  shown  in  Fig, 4.  Comparison  with  Pig.3  shows  that  the  same  general  features  are  present  although 
the  general  level  is  lower  because  there  is  some  transmission  into  the  subsbate.  Fig.4  also  illustrates  the  phenomenon  of 
non-reciprocity^^\  that  is,  R  changes  when  the  magnetic  field  is  reversed  .  This  also  holds  for  reflection  off  a  bulk 
sample,  although  it  was  not  illustrated  in  Fig.4, 
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Fig.2  Voigt  permittivity  for  CdTe  doped  with  two  species  of  carrier.  (2a)  Re(ey),  (2b)  Im(ey). 

Fields  are  -  IT, . 4T, . 7T. 


Fig.3  Reflectivity  in  p  polarlsastion,  4S°  angle  of  incidence 
in  air,  off  CdTe  in  grametry  of  1  with  given  by  Fig.2 

Fields  as  in  Flg.2 


Fig.4  As  Fig,3,  but  for  a  100  pm  film  on  a  substrate. 
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Wivenhoe  Park,  Coloheat^,  C04  3SQ  U.K. 

The  development  of  high  resolution  Fourier  tmnifoim  inftared  apectromeiera  capable  of  making  meaiuremenia  in  high 
magnetic  fields  and  over  an  extended  temperature  range'*^  opms  up  the  poMibllity  of  atudlea  of  a  wide  range  of  magnetic 
materials.  The  fhr*lnftafed  reflectivity  depends  on  both  the  dielectric  permittivity  and  the  magnetic  permeability,  the  latter 
conutining  information  about  the  magnetic  excitations.  The  permeability,  which  normally  takes  a  gyromagnetic  form,  hu 
poles  at  magnetic  resonance  fiequencies.  In  order  for  these  to  be  accessible  to  far  infrared  instruments  it  is  necessary  for 
the  exchange  coupling  to  enter  the  restoring  force,  otherwise  the  frequency  is  too  low.  Thus  simple  ferromagnets  are 
excluded  butMy  system  with  some  form  of  antlfenomagnetic  coupling  is  a  potential  candidate  for  Aur  infrared  studies. 
Recent  work'*'  on  the  simple  uniaxial  antiferromagnet  PqP2  shows  very  sharp  resonance  lines  which  can  be  followed  over 
a  range  of  temperaturM  and  magnetic  fields. 


One  intriguing  pouibility  is  the  study  of  the  magnetic  structure  of  the  rare>earth  metals  and  superlattlces.  Due  to  the 
competition  between  first  and  aecond  neighbour  exchange,  smne  rare  earth  metals  have  a  helical  or  conical  ordered  spin 
structure  over  some  temperature  range.  The  metals  are  hexagonal  oloae*paoked  and  in  the  helical  and  cone  states  all  the 
spins  within  one  close  i^ked  plane  are  aligned,  in  the  former  case  In-plane  and  in  the  latter  case  at  an  angle  out  of  the 
plane.  The  direction  of  the  prqjectlon  of  the  spin  on  the  plane  rotates  by  an  angle  ^  from  one  olose*paoked  plane  to  the 
next.  Examples  of  the  helical  state  are  Dy  between  85  K  and  179  K  and  Tb  between  221 K  and  230  K.  The  cone  state  is 
found  in  Ho  and  Er  for  T  <  20  K.  In  mre«earth  superlattices  a  vari^  of  qieolflo  orderings  is  found,  for  example,  the  phase 
of  the  spiral  is  "transmitted'*  across  a  non-magnetio  (Y)  spacer  layer”\ 


The  magnetic  permeability  for  the  spiral  and  cone  stales  has  been  found  previously^^  and  applied  to  a  calculation  of 
the  surface  magne^uuic  (Damon*Eshbach)  mode.  This  is  carried  out  in  the  limit  c  in  which  Maxwell's  equations 
decouple  into  an  electrostatic  and  a  magnetostatic  p^  Damon-Bshbach  type  nwdes  have  been  extensively  investigated  In 
metallic  surfkces  and  films  during  the  last  IS  years'*^  Here  we  consider  ^  FIR  reflectivity.  The  calculation  is  more  or 
less  standard,  involving  solution  of  Maxwell's  equations  with  standard  boundary  conditions. 


Since  the  rare  earths  are  metallic,  the  reflectivity  is  expected  to  be  near  unity  because  of  the  relatively  high 
conductivity.  The  standard  result  when  only  conductivity  is  Involved  is  that  the  reflectivity  decreases  slowly  from  unity  u 
the  frequency  increases.  With  the  inclusion  of  the  permeability,  reflectivity  dips  should  appear  at  the  magnetic  resonance 
frequencies.  The  fsasibility  of  experimental  deteetkm  depends  crucially  on  the  sharpneu  and  depth  of  the  dips. 


We  are  not  aware  of  any  data  on  the  optical  parameters  of  the  rare  earth  metals  in  the  fir  infrared.  We  have  therefore 
taken  published  values  of  the  rf  condMtlvity  s  and  extrapolated  to  give  a  pure  imaginary  FIR  dielectric  function 
e  >  iajtovn.  This  is  large,  of  order  lei  ~  l(r,  and  correspondingly  the  reflectivity  R  is  very  cIom  to  unity.  For  the 
magnetic  parameters,  fUrly  good  estimates  of  the  resonance  frequency  and  pole  strength  can  be  made^^  but  the  linewidth  is 
unknown. 
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Typical  calculated  spectra,  for  two  different  values  of  linewidth,  are  shown  in  Figure  1.  The  magnetic  features  might 
be  experimentally  detectable,  preferably  with  the  use  of  a  technique  like  infirared  reflection  absorption  spectroscopy 
(IRRAS)  to  remove  the  high  background.  An  alternative  experimental  technique  is  attenuated  reflection  (ATR),  which 
has  proved  a  useful  technique  in  the  investigation  of  semiconductor  superlattices,  for  example'*^^  We  have  calculated  ATR 
spectra  for  a  Si  coupling  i^sm  and  4S°  angle  of  incidence.  For  an  optimised  coupling  gap  the  ATR  dips  related  to  the 
permeability  tensor  are  much  more  pronounced  than  the  reflectivity  dips  of  Flg.l ,  It  appears  that  they  should  be  resolvable 
with  current  experimental  techniques. 


In  conclusion,  we  suggest  that  determination  of  the  FIR  optical  parameters  of  the  rare-earth  metals  is  desirable,  since 
nothing  is  known  at  present  On  the  basis  of  the  estimates  we  are  able  to  make  detection  of  the  magnetic  features  in 
reflection  is  challenging  but  may  be  possible.  On  the  other  hand,  ATR  should  give  much  more  accessible  spectra.  If  this 
prediction  is  experimentally  verified  then  a  wide  range  of  metallic  magnetic  systems  should  be  open  to  study  by  FIR 
spectroscopy. 
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(b) 


Flg.l  Calculated  oblique  incidence  (43°)  s-poiarlsation  reflectivity  off  Ho  for  two  different  values  of  magnon 
damping  r.  - r  ■  0.2  cm"’  ^ . T  ■  0.4  cm"* . 


(a) 


Cone  axis  normal  to  surface,  (b)  Cone  axis  in  surface  and  normal  to  plane  of  incidence 
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ASS3MS1 

We  ihow  that  high  teeolntion  Pouriet-ttanafoim  infratet)  epecttoacopy  offett  new  posiibUitiM  in  the  itndy  of 
magnetic  ordering  in  rare  earth  containing  wlidi.  Review  of  the  reenlta  on  the  magnetic  componnda  related  to 
high-T«  ■npercondnetore  and  on  quari-one-dimenrional  rare  earth  nickelatee  is  preeented. 

1.INTRODUOT1QN 

In  thle  reporti  the  work  of  the  author's  group  rince  lOIS  b  summarised.  We  have  carried  out  the  spectral  itudlee 
of  RtOu|0|/**  RsBaOuOi  (hersi  R  stands  for  rare  earth  or  yttrium)*'^  and  RiBaNiOi  (RaLtt,ihl>)*  magnetic 
cuprates  and  niokalates  wUch  are  related  to  the  high«T«  superconductors  of  123  type.  It  is  intarestliig  to  study 
these  compounds  also  In  connection  with  the  problem  of  iow'dimensional  magnetism.  There  are  0u*0  planes  in  the 
structure  of  RaOuiOi,  with  in^plane  Ou-Ou  diitancei  considarably  smaller  than  intra-plane  ones.  The  so  called  "green 
phases"  RiBaOuOi  and  "brown  phase"  NdaBaOuOi  of  R-Ba>0u«0  supereondueting  ceramics  contain  isolated  Ou**^ 
ions  not  interconnected  by  direct  bonds  through  oxygen.  Various  Cu*0>0>0u  or  Ou-O-R-O-Ou  suparaxchange  paths, 
lowdimansional  in  particular,  may  dominate  in  these  compounds  depending  on  the  particular  R’*^  ion.  RsBaNiOi 
with  Rstu,  Yb  are  isostruetural  to  the  green  phases,  while  the  other  members  of  t^  fhmily  (also  studied  by  ns*) 
have  completely  dUfarent  atruetuta  eontsdaing  Isolated  -Ni-O-Ni*  chains. 

aJXPBMMaWTAL 

PolycryatalUne  samples  of  the  mentioned  compounds,  pure  or  with  1  at.!il  of  erbium  or  dysprosium  introduced 
as  spectrd  probes,  were  prepared  Bom  oxides  by  solid  state  reaction  in  air.  The  powder  samples  were  carefully 
ground,  mixed  with  ethanol  and  put  on  the  sapphire  platelet  directly  before  the  window  of  InSb  detector.  The  whole 
assembly  was  inside  an  optical  cryostat,  either  in  liquid  helium  or  in  cold  helium  vapor.  Near  IR  diffuse  transmittance 
spMtra  due  to  /-/optical  transitlona  in  the  intrinsic  R****  ion  or  Br*'^  probe  were  measured  at  34’130K  with  a  spectral 
resolution  up  to  0.2  cm**^  employing  BOMBM  DA3.002  VDBrie^transform  spectrometer. 

^MTBCTIQM.Qr..MAfl«BTJg.fBA8a..TJtAW81TlO«a 

High  resolution  spectrum  of  R****  Kramers  ion  in  a  crystal  is  extremely  sensitive  to  the  changes  of  local  magnetic 
fleld  at  the  place  of  this  ion.  This  gives  a  possibility  to  register  unambiguously  magnetic  phase  transitions,  even 
these  not  detectable  by  other  methods,  and,  in  some  cases,  to  determine  their  nature.  We  have  found  for  the  first 
time  a  magnetic  ordering  b  YaBaOuOr,*  LuiBaOuOt,*  Nd|BaOuO|,^  R|BaNiO|  with  R  «  Lu,  Nd,  Sm,  Bu,  Dy, 
He,  Br,  Tm.  *•*.  Spb  rserientation  transitions  not  known  before  have  been  detected  b  YiBaOuOi,*'*  DyiBaOuOi,* 
LuiBaGuOi  and  YbsBaOuOi.* 

On  the  other  hand,  our  spectral  method  permits  to  verify  the  bterpretation  of  magnetic  susceptibility  (x)  and 
specific  heat  (c)  meuurements.  Thus,  we  have  shown  that  the  maxima  b  c(T)  and  x(T)  curves  for  BrsBaOuOi 
and  b  x(T)  curve  for  BrsBaNiOi  which  had  brnn  attributed  to  the  phase  transitions  withb  the  erbium  magnetic 
subsystem  were,  b  fact,  caused  by  the  population  changes  within  the  ground  Br**^  Kramers  doublet  split  by  an 
exchange  interaction  with  an  ordered  d-subsystem.*'* 

4.CQBXISTBNCE  OF  TWO  DIFFBRBNT  MAQNBTIC  PHASES 

In  the  region  of  first  order  spin  reorientation  phase  transition  two  magnetic  phases  coexist,  usually,  b  a  small 
bterval  of  temperatures.  The  spectrum  there  is  a  superposition  of  twordifferent  spectra  with  temperature  dependent 
relative  btensitles.  We  have  found  that  b  YsBaOuOi  and  Lu|BaOuO|  two  different  magnetic  phases  coexist  down 
to  the  lowest  measurbg  temperature  of  2K.*'*  Evidently,  various  Ibks  0u-0-0>Cu  compete  with  each  other  b  these 
compounds. 
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5.SPECTRA  OF  Er  PROBE  AND  MAGNETIC  STRUCTURE  ^F..drS.UBSYSTJiM 

We  propoied  the  method  of  Et^'*'  ptobe  in  a  letiei  of  iioetiuctutal  f^  compound!  to  select  the  tight  magnetic 
itiuctuie  of  an  otdeied  d-tubiyitem  from  leveral  ittueiutet  that  fitted  neutron  scattering  data  equally  well.*<^  This 
method  has  been  tested  on  RaCujOs  cuprates^  where  reliable  neutron  scattering  data  exist  and  applied  to  some  of 
the  RjBaCuOs  compounds.*  The  analogous  woth  on  RjBaNiOe  chain  nickelates  is  in  progress  now. 

6.SHORT  RANGE  ORDER  AT  T>T, 

For  T>T«  the  splittings  of  spectral  lines  (At/)  do  not  va..lsh  -  a  “tail"  is  observed  due  to  short  range  order. 
We  have  compared  the  curves  Ai/(T/Tjv)  for  two  RjOujOs  compounds  with  Identical  structure  of  copper  magnetic 
moments  (ferromagnetically  ordered  Si  planes  coupled  anUferromagnetically  one  with  another,  pio%  aligned  along 
the  I?  axis)  but  with  strongly  different  T//  temperatures,  namely,  for  EtaCujOs  (Tj^  a  28K)  and  Yt.gsEto.oaCuiOe 
(Tjv  =  14K).  Both  curves  have  a  point  of  inflection  at  TaTiv,  but  the  “tall"  is  about  two  times  longer  for  the 
second  one.  This  fact  can  be  naturally  explained  if  we  assume  that  magnetic  correlations  within  isolated  CuO  planes 
take  place  below  the  same  temperature  in  both  compounds,  while  BraOuaOs  where  these  planes  interact  through 
magnetic  Er**^  ions  orders  thtee<dimenslonally  at  two  times  higher  temperature  than  YaOugOg  with  nonmagnetic 
Y®+  Ions. 

Various  manifestations  of  low-dimensional  magnetic  correlations  have  been  observed  in  the  spectra  of  erbium 
probe  in  HoaBaCuOt  and  EraBaCuOg,*  YbaBaNlOt,  and  LuaBaNiOg.*  Probably,  the  most  interesting  phenomenon 
is  connected  with  different  temperature  behavior  of  the  spectra  from  two  different  structural  positions,  Erl  and  Er2 
in  these  compounds.  While  the  spectral  lines  of  Erl  are  markedly  eplit  only  below  Tjv,  those  of  Et2  remain  split  up 
to  T  s  1.6  T.IV  and  demonstrate  a  long  tail  of  residual  splitting  at  higher  temperatures.  We  suppose  that  the  Er2 
ions  ate  inside  dominant  magnetic  chains  and  experience  the  establishment  of  short  range  order  within  a  chain  at 
T>Tc  while  Erl  ions  interconnect  the  chains  and  announce  the  3D-otderlng  at  T«. 
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The  overall  aim  ot  this  research  programme  Is  to  use  far  infrared  spectroscopy  to  Investigate  non-reciprocal 
behaviour^  of  coupled  bulk  and  surface  polaritons  under  an  applied  magnetic  field  in  a  selection  of  bulk  and  low 
dimensional  antiferroR\aitnetle  media.  The  materials  of  interest  Include  bulk  antlferromagnets  like  FeF2>  thin 
films  of  metallic  Cr,  and  rare  earth  elements  such  as  Ho,  together  with  superlattices  fabricated  from  alternate 
layers  of  these  and  other,  non-magnetlc  materials. 

An  NPL  far  infrared  cube  interferometer^  has  been  modified  for  this  worfc  by  adding  a  hydraulically  controlled 
moving  mirror  arm  with  a  scan  lei>gth  of  1  m  an  i  a  single  mode  He-Ne  laser  to  monitor  the  optical  path 
difference  so  that  msMurements  can  be  made  with  a  nominal  resolution  limit  of  10*^  cm'^.  The  specimen  is 
located  between  the  poles  of  a  7  T  magnet. 

The  interferometer  is  shown  schematically  in  Fig.l,  and  the  main  modifications  are  u  follows!  The  moving 
minor  is  mounted  on  a  high  precision  slide  and  scanned  continuously  at  a  constant  speed.  Tho  He*Ne  laser  beam 
passes  along  the  optical  axis  of  the  instrument.  In  the  fixed  arm  of  the  interferometer  the  end  mirror  is 
vibrated  to  provide  phase  modulation  for  the  Infiarsd  beam.  The  laser  beam,  however,  is  reflected  from  a 
small  fixed  mirror  to  an  adjustable  side  mirror  so  that  the  laser  fringes  are  modulated  (at  500  Hz)  only  by  the 
motion  of  the  moving  minor.  The  'fibced*  mirror  is  vibrated  at  167  Hz  and  the  infrared  beam  Is  detecteo  using  a 
lod(<in  amplifier  system.  Consequently,  the  advantagM  of  phase  sensitive  detection  for  the  infrared  beam  and 
laser  sampUng  control  are  achieved  simultaneously,  since  the  modulation  (at  ~  1  Hz)  of  the  infrared  radiation 
by  the  slow  scan  of  the  moving  mirror  is  rejected  by  the  iock-ln  amplifier. 

The  output  beam  from  the  beam  divider  is  focussed  on  to  a  sample  located  between  the  poles  of  a  7  T  magnet  In  a 
liquid  He  cryostat,  and  the  beam  reflected  from  the  sample  is  subsequently  focussed  on  to  a  liquid  He  cooled  SI 
bolometer  operating  at  4.2  K.  A  Spectromag  nugnet  and  cryostat  from  Oxford  Instruments,  with  the  field 
vertical,  are  used  for  this  work  and,  tot  the  present  measurentents,  the  plane  ot  incidence  is  horizontal.  The 
output  from  the  Interferometer  is  strongly  s-^larlsed  in  the  vertical  plane  due  to  the  Fresnel  reflectivity  of  the 
mylar  beam  divider,  which  is  convenient  for  e-polarleed  meuuremente  on  the  specimen.  It  is  not  possible, 
however,  to  obtain  acceptable  slgnal>to<nolse  ratios  in  a  reasonable  time  using  the  direct  p-polarlsed 
component  from  the  beam  divider,  so,  to  enable  measurements  to  be  carried  out  in  p-polarisatlon  without  re¬ 
orienting  the  sample  and  cryostat,  a  roof  top  mirror  and  a  wire  grid  polarlser  are  used  to  rotate  the  plane  of 
polarisation  of  the  beam  by  9(F’  between  the  Interferotneter  and  the  cryostat. 

For  our  Initial  investigation  we  have  studied  the  antiferromagnetic  resonance  in  FeF2,  since  the  Neel 
temperature  (79  K)  and  antiferromagnetic  resonance  frequency  (near  50  cm’^)  in  this  crystal  are  both  easily 
accessible  with  this  instrummt.  Far  Infrared  reflection  spectra  measured  at  43°  angle  of  incidence  at  4.2  K  and 
with  a  resolution  of  0.1  cm*^  are  shown  in  Fig.  2.  These  measurements  were  made  in  s*polarisation,  with  the 
magnetic  field  and  crystal  c  axis  axis  normal  to  the  plane  of  incidence.  The  middle  spectrum  shows  the 
antfierromagnetic  resonance  in  the  absence  of  a  magnetic  field,  and  the  two  other  spectra  show  the  Zeeman 
splittings  which  occur  at  magnetic  fields  of  ±  3  T.  The  vertical  scale  is  correct  for  the  lowest  curve,  but  the 
curves  for  0  and  -fS  T  have  been  offset  to  separate  the  three  sets  of  data.  The  expected  non-reciprocal  behaviour 
is  strikingly  clear  from  the  difference  in  the  asymmetry  of  the  spectra  measured  with  the  two  field  directions. 
A  more  extensive  study  of  the  magnetic  field  dej^ndence  of  magnons  in  FeP2  hu  been  carried  out  using  this  beam 
geometry,  including  measurements  in  both  s  and  p-polarisation  with  the  crystal  c  axis  horizontal,  vertical,  and 
at  intermediate  angles,  and  a  report  is  in  preparation  on  this  work^. 
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There  is  also  considerable  interest  in  non-reciprocal  behaviour  of  surface  polaritons  in  these  materials.  Since 
the  excitations  of  interest  are  non-radiative,  techniques  such  as  attenuated  total  reflection  (ATR)  spectroscopy 
will  be  needed  to  advance  the  wave  vector  of  the  incident  beam  to  couple  with  the  surface  polaritons,  These 
modes  are  expected  to  be  observed  as  dips  in  the  reflectivity  in  the  antiferromagnetic  resonance  peak,  and 
theoretical  work  on  the  ATR  spectra  of  antiferromagnets^'^  has  shown  that  a  resolution  of  the  order  of  lO'^  cm'^ 
will  be  required.  This  resolution  is  within  the  mechanical  design  specification  of  this  instrument,  but  further 
software  developments  of  a  relatively  straightforward  nature  are  still  required  to  handle  the  large  data 
arrays. 

Our  previous  experience  with  ATR  on  semiconductors  at  higher  frequencies^  Indicates  that  the  construction  of  an 
ATR  stage  for  this  work  should  also  be  comparatively  stridghtforward.  Usually  the  key  engineering  problem 
in  ATR,  particularly  at  higher  frequencies  and  low  temperatures,  is  the  accurate  setting  of  the  small  gap  which 
is  required  between  the  prism  and  the  specimen  for  satisfactory  coupling.  However,  calculations  of  ATR  spectra 
for  FePa  by  Almeida  and  Tilley^  indicate  that  satisfactory  coupling  should  occur  with  comparatively  large 
gaps,  of  the  order  of  several  hundred  microns. 
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Figure  1.  Schematic  diagram  of  the  MIchelion 
interferometer  set  up  for  P-polorised 
experiments. 


Figure  2.  For  Inflrared  spectrum  showing  the 
Zeeman  tpllulng  and  non-reciprocal 
behaviour  of  the  antlferromagnetic 
resonance  in  FeF2. 
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ABSlRACTt 

The  tranimisiion  of  a  TbPO^-ciyatal  it  meaiured  in  magnetic 
field!  up  to  12  Telia  at  wavelengths  ranging  from  100  to 
2000  Min  and  temperature  around  2K.  Strong  absorptions 
are  seen  with  the  field  along  the  tetragonal 
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ABSTBACT 

The  tlme-rt^jivad  (TR)  FIR  photoconductivity  of  exceptionally  high  mobility  n-OaAa  0*w2SO,OOO  cm^V'U'^)  aamplea  haa 
been  meaiured  at  1.8K  and  in  magnetic  fiel^  up  to  8T  uaing  abort  (Sna)  FIR  pulaaa.  The  photooonduotiva  decay  time* 
conatant  (r)  la  determined  at  aero  magnetic  field  and  at  aeveral  non*iero  fielda  with  FIR  laaer  energiea  reaonant  with  the  la- 
2p.f.  impurity  traniltlon.  Compariaona  are  made  with  previoua  meeaurementa  on  MQWa  and  a  aimple  Ooldan  Rule  theory. 

i.iNTBnnitmnN 

Tlme-reaolved  (TR)  magnetoapeotroacopy  in  the  FIR  wu  firat  reported  by  Chamberlain  at  al  who  used  long  (50- 
lOOni)  pulaea  to  invaatigata  the  ahallow  donor  recombination  dynamica  of  n-InP.  Subaaquently,  de  Bakker  at  a)  uaad  a 
oavity-dumpad,  optically-pumped  FIR  laaer  with  additional  pula^icing  to  ganerate  Sna  FIR  pulaaa  and  itudv  the  TR  decay 
of  the  FIR  photoconductivity  of  GaAa/AIGaAa  multi-quantum  walla  (MQWa).  Very  racantly,  Burghoonr  hu  deacribad 
improvemeota  of  thia  taohnlque  which  lead  to  pulaaa  aa  abort  aa  Ina.  The  recombination  of  an  ioniaed  electron  to  a  ahallow 
donor  in  a  III-V  aemiconductor  involvea  (i)  the  capture  of  free  eleotrona  by  ioniied  donora  into  aa  excited  bound  atate, 
followed  by  (ii)  a  caaeading  relaxation  to  the  ground  atate  accompanied  by  phonon  emlaaion.  The  charactariatio  timeHnale 
of  (i)  and  (ii)  ia  of  order  tena  of  nanoaeoonda.  For  recombination  under  conditiona  of  reaonant  la-2p^.  excitation,  an 
additional  initial  tranafer  (iii)  of  eleotrona  from  the  2p^.  atata  into  the  N>iO  landau  level  oooura  in  under  one  nanoaeoond. 
In  thia  paper,  we  report  meeaurementa  of  r  (the  photoconductivity  decay  time  fbllotving  pulaed  FIR  excitation)  in 
axoaptionally  high  mobility  n-GaAa  epitaxial  layera  in  magnatlo  fielda  up  to  8T.  Previoua  meaauramenta^  of  r  for  n-InP  in 
a  magnetic  field,  uaing  leu-well  defined  pulau,  had  indicated  that  r  duraaeu  vrith  field.  It  wu  argued  that  the  muhanlam 
for  thia  deoreau  ia  the  inoreaaed  phonon  emiuion  efficiency  occurring  u  the  electron  wavefonction  ahrinka  in  the  applied 
magnetic  field.  A  aimllar  argument  wu  applied  to  explain  the  obeerved  duieau  in  r  for  the  FIR  photoconduotlve  reaponu 
of  OaAa/AlOaAa  multiquantum  walla  (MQWa),  where  the  vuvefonotiona  of  the  in-well  donora  are  already  aqueeied  by  the 
quul-two  dimenaional  geometry.  The  preaent  meeauramenta  preaent  Airther  evidence  for  thia  machimlam  in  another 
umiconduotor  material  of  exceptional  purity,  uaing  more  preoiaely-deflned  pulau  than  previoualy  uaed  for  n-InP*.  The 
dlfferenou  in  r  found  at  lero  magnetic  field  are  related  to  the  numbu  of  acoeptora  in  the  umplu^,  and  the  changu  noted 
in  r  In  a  magnetic  field  are  dluuaaed  uaing  a  aimple  Golden  Rule  argument*. 

2.  EXlg»lMENTAL  DETAILS 

Full  experimental  detaila  of  the  optiul  and  alwtronic  arrangMiionta  uaed  have  been  given  elaewhere*.  Particular 
attention  wu  paid  in  the  duign  of  the  ayatem  elwtroniu  and  the  umple  proceuing  to  enaure  that  the  meeaurementa 
repreaented  the  true  photoconduotlve  decay  of  the  Intrinalo  photoconductivity.  Two  very  high  mobility^  epitaxial  n-GaAa 
umplu  (#1  and  #2;  ^(77K)>»  220x  and  180x10* cm*V*‘a'‘  reapectively,  and  Nd-Na-2.8x  and  5.0x10**  cm**  reapeotively) 
were  atudled,  together  with  a  more  hlghly-compenuted  n-GaAa  umple  (#3;  p(77K) ■47x10*  om*V'*a'*,No-Ny^M3XIO** 
cm'*).  In  addition,  a  OaAa/AIOaAa  MQW  (^4;  for  electrical  end  dlmenaioiial  detaila  aw  reference  (4))  wu  alao  invutigated. 
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Figure  1  shows  the  TR  photoresponse  et  4.2K  end  zero  megnetlo  field 
of  samples  01,02  and  03  to  5na  laser  pulses  with  X«90.9f(m  and  power 
approximately  5W  at  the  sample.  The  delay  between  stimulus  (dotted 
line)  and  response  arises  from  the  shape  of  the  laser  pulse.  It  is  assumed 
that  the  mobility  of  the  warm  electron  gas  does  not  change  significantly 
during  the  decay,  so  that  the  conductivity  signal  measures  the  decay  of 
carrier  population*  n(t).  It  is  argued  elsewhere^  that,  during  the  decay, 
a  rate>equation  model  implies  n(t)w  noexp(t/r),  where  Uq  is  the  initial 
population,  r*(l/CNA)  and  C  is  a  recombination  constant,  The  values 
of  r  obtained  in  this  way  are  150,  23  and  8  ns  respectively.  This 
demonstrates  clearly  the  dependence  on  r.  A  comparison  of 
experimental  and  calculated  r  values  may  be  made  using  the  calculated 
values^  of  Ct  this  consistently  yields  higher  values  of  r,  which  may  be 
evidence  that  tht  electron  gu  mobility  change  should  not  be  neglected,  as  has  bm  suggested  recently  by  Burghoom^,  By 
comparison,  the  MQW  sample  (ifd)  shows  a  photooonduotive  response^  which  effectively  follows  the  excitation  pulse,  from 
which  a  value  of  r<  2ns  has  b^  deduced.  The  mechanism  for  this  reduction  in  r  is  discussed  fhlly  elsewhere^. 


Figure  2  shows  the  results  of  several  such  measurements  of  r  nude  at  FIR  energies  and 
magnetic  fields  resonant  with  the  ls-2p4  transition.  For  the  epitaxial  n*OaA8  layers,  a 
clear  decrease  in  r  is  noted  as  B  increases;  for  the  OaAs/AlOaAs  MQW  umple  (if4), 
r  is  so  small^  that  any  hirther  decrease  in  field  is  unmeuurable.  It  has  been  previously 
shown*  that  application  of  the  Fermi  Golden  Rule  to  the  processes  <i)  and  (ii)  noted  in 
the  Introduction  leads  to  a  rate  expression  of  the  form: 

r»Aq*  exp(-2aV)  (0 

where  the  parameter  A  contains  both  material  constants  and  a  weighted  average  over 
all  the  individual  recombination  transitions  involved;  q  is  a  phonon  waveweetor  and  a 
is  a  parameter  describing  the  size  of  the  impurity  wave-fttnetion.  Clearly  T  is  a 
maximum  when  2(aV)'"  li  Blnce  F  is  dominated  by  the  prefactor  Aq^  a  change  in 
effective  Bohr  radius  (a)  from  lOnm  (in  the  cose  of  bulk  n^GoAs)  to  5,5nm  (In  the  cose 
of  the  MQW*)  explains  the  substantial  decrease  in  r  noted  for  the  MQW  in  comparison 
with  the  bulk.  Similarly,  for  the  bulk  umples  {0\,02  and  03)  in  a  nugnetic  field,  the 
squeezed  Bohr  radius,  a,  at  a  field  of  lOT  is  approximately  6.7nm*,  so  that  for  each 
umple  r  is  diminished  by  a  factor  of  (6.7/10)^  ie  a  reduction  of  around  2.2  os  noted 
in  Figure  2.  Further  features  of  Figure  2,  together  with  details  of  temperature-  and 
published  elsewhere. 
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intensity-dependence  effect,  will  be 


4.REirERENrES 

1.  J  M  Chamberlain  et  of,  "Impact  excitation  and  bottleneck  effects  in  the  time-resolved  FIR  photoresponse  of  n-InP", 
Phys.  RtfV.,B35(S),  2391-2398,  Feb.  1987, 

2.  0  L  J  A  Rlkken  el  at,  "Time-resolved  recombination  dynamics  of  photoionized  hydrogenlc  impurities",  Phys. 
Rsv.,B38(6),  41S6-4164,  August  1988. 

3.  R  B  M  de  Bekker  et  ai,  "Generation  of  very  short  FIR  pulses  by  cavity  dumping  in  a  molecular  gu  laser", 
J,Appl.Phys.,6S(7),  3729-3731,  October  1990. 

4.  R  B  M  de  Bekker  et  al,  "Subnanosecond  far  infrared  photoconductivity  from  a  GaAs/AIOaAs  multiquantum 
well",  J.AppLPhys.MA),  1913-1913,  August  1990. 

5.  J  Burghoom,  "Time  resolved  FIR  spectroscopy",  Ph.D.  Thesis  (unpublished),  University  of  Delft,  1992. 

6.  0  L.  J  A  Rikken  et  al,  "Time  resolved  FIR  magnetospectroscopy  of  hydrogenlike  impurities  in  III-V 
semiconductors",  Phys,  /?ev.,B38(3),  2002-2011,  July  1988. 

7.  C  R  Stanley  et  al,  "Electrical  characterization  of  molecular  beam  epimxial  QaAs  with  peak  electron  mobilities 
up  to  •  4x10*  cm^V's  '",  AppL Phys, Lett., S»(5),  478-480,  February  1991. 


63B 


P3.ll 
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Type  II  structures  such  as  InAs/OaSb  have  the  peculiar  property  that  the  valence  band  of  the 
OaSb  lies  at  a  lower  energy  than  the  conduction  band  of  the  InAs^^X  litis  crossed  (or  negative)  band 
gap  conflguration  results  in  the  Intrinsic  generation  of  high  density  gases  of  electrons  and  holes  on 
either  side  of  the  interface.  In  a  superlattice,  the  formation  of  subbands  due  to  wavefUnction  overlap 
allow  the  band  gap  overlap  to  be  reduced,  and  ultimately  made  positive,  by  the  reduction  of  the 
periodicity(2\  This  transition  from  a  semimetal  to  a  semiconductor  can  also  be  generated 
magnetically^^).  The  action  of  a  perpendicular  magnetic  field  is  to  produce  Landau  levels  which  fan 
upwards  in  energy  from  the  electrons  and  downwards  in  energy  from  the  holes.  If  the  superlatdce  has 
a  negative  band  gap  at  zero  magnetic  field,  then  the  gw  will  decrease  and  then  uncross  as  the  magnetic 
field  increases.  For  a  superlattice  whose  band  gap  is  Bgs-0.07eV,  the  lowest  Landau  levels  have  been 
calculated  to  uncross  at  about  37T. 

This  paper  presents  an  investigation  of  the  effect  of  the  layer  periodicity  and  magnetic  tleld  on 
the  band  gap  of  InAs/OaSb  and  InAs/OalnSb  superlattices.  The  cyclotron  resonance  (CR)  of  these 
samples  has  been  studied  using  C02and  CO  lasers  which  produce  wavelengths  of  around  lOjim  and 
Slim  respectively.  Pulsed  magnetic  fields  of  upto  150T  with  a  duration  of  5)isec  were  generate  using 
a  destructive,  single-tum  coil  magnet  and  the  transmitted  radiation  measured  using  a  fast-response 
HgCdTedetector(4). 

Due  to  the  difference  in  the  effective  masses  (m***)  of  the  electron  and  holes  and  the  cyclotron 
energies  used,  only  the  electron  resonances  were  observed.  As  the  absorption  of  the  CR  is 
proportional  to  the  total  electron  concentration  of  the  superlattice,  the  dramatic  depopulation  of  the 
superlattice  can  be  directly  seen  with  decreasing  period  and  increasing  magnetic  field.  As  an  example, 
the  CR  of  1252(100)  is  shown  in  figure  1,  depopulation  occuring  at  about  SOT.  CR  was  studied  in  a 
wide  variety  of  superlattices,  including  those  grown  on  the  piezoelectrically  active  (11 1)A  substrate 
plane^^)  and  also  those  grown  with  10%  In  in  the  QaSbf^),  both  of  which  act  to  enhance  the  band  gap 
overlap  (the  growth  characteristics  of  the  samples  are  shown  in  table  1).  The  trends  of  the  results  are 
illustrated  in  ngure  2,  where  the  electron  concentration  is  plotted  as  a  function  of  magnetic  field. 

Clearly,  as  the  thickness  of  the  lavers  is  reduced  and  the  band  gap  overlap  decreased,  the  overall 
electron  concentrations  and  the  magnetic  field  required  to  cause  depopulation  are  both  decret^d.  At  a 
thickness  of  500A  InAs  on  the  (1 1 1)  plane  the  transition  lies  above  120T,  whereas  by  lOOA  of  InAs 
on  the  (100)  plane  the  transition  has  been  reduced  to  45T  and  at  60A  the  superlattice  is  already 
depopulated  at  zero  magnetic  field.  The  effect  of  the  addiation  of  In  into  the  QaSb  li^er  is  not  as 
strong  as  previously  thought  as  there  is  little  difference  between  1265(111)  (500A  InAs)  and 
1249(111)  (300A  InAs). 

Despite  the  unusually  high  energies  involved  (<230meV)  and  the  strons  non-parabolicity  of 
InAs, .the  effective  mass  is  accurately  described  by  simple  non-parabolicity  of  bulk  InAs 
(m^sminAt'''(l+2.66E/Eg(inA8))i  incorporating  the  effect  of  the  superlattice  simply  as  an  increase  in 
energy  above  the  band  ^ap  edgef*^).  The  influence  of  the  OaSb  layers  does  however  become  more 
noticable  at  short  periodicities  when  the  electrons  are  delocalised  throughout  the  superlattice  and  m'*' 
becomes  a  function  of  both  the  mass  in  the  InAs  and  in  the  OaSb  (m'''ac0.023  and  0.042  respectively). 
This  effect  is  shown  in  figure  3  for  the  InAs/OaSb  superlattices. 
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In  conclusion,  wo  present  direct  evidence  for  the  semimetal  to  semiconductor  transition  in  type  n 
superlattices  caused  by  the  formation  of  periodicity  dependent  subbands  and  also  by  the  uncrossing  of 
the  electron  and  hole  Landau  levels  at  high  magnetic  fields. 
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